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PREFACE 


The  Flight  Mechanics  Panel  Symposium  on  “Aircraft  Design  Integration  and  Optimization”  was  held  to  share 
experience  and  knowledge  in  aircraft  design  which  will  help  improve  the  qualitv  and  reduce  the  cost  of  military 
aircratt.  The  ever-increasing  cost  of  developing  and  operating  modem  systems  necessary  to  preserve  the  security  of 
the  NATO  nat'ons  makes  it  essential  to  uncover  means  of  reducing  systems  costs  and,  thus,  help  assure  that  NATO 
nations  will  have  the  best  possible  military  aircraft  that  provide  the  required  capabilities  within  the  resources 
available. 

The  Symposium  emphasis  and  theme  -  impact  of  the  preliminary  design  process  on  the  development,  production, 
and  operational  cost  of  aircraft  systems  -  were  woven  into  all  sessions  of  the  Symposium  tnrough  discussions  of 
technical  approaches,  methods  and  experiences  relating  to  cost  reductions,  means  of  improving  aircraft  quality,  and 
orderly  introduction  of  new  technology.  Case  historic';  of  actual  aircraft  preliminary  design  and  hardware  develop¬ 
ments  were  included  to  provide  retrospective  insight  into  the  role  and  adequacy  of  the  design  process.  Authors 
were  requested  to  considei  the  implications  of  cost  and  the  extent  to  which  cost  was  used  as  a  design  parameter  or 
as  a  special  objective.  A  technical  approach,  with  discussion  of  actual  design  experiences,  analysis  methods,  and 
concepts,  was  emphasized  in  order  to  avoid  excessive  generalization  in  discussing  cost  and  design  process  questions 
and  to  provide  engineering  data  of  value  along  with  insight  into  the  role  ?  nd  impact  of  the  preliminary  design 
process. 

The  Symposium  agenda  provided  for  an  introductory  paper  on  »he  role  of  the  preliminary  design  process, 
followed  by  twenty-seven  technical  papers,  and  a  panel  discussion  of  key  issues  as  the  final  session.  The  sessions 
wete  as  follows: 

SESSION  I  -  The  Preliminary  Design  Process  and  Its  Impact  on  Cost  -  included  papers  on  designing  for 
reduced  development,  production,  and  operational  costs  through  “design-to-cost”  and  other  techniques;  prototyping; 
and  design  methods  and  techniques  to  improve  effectiveness  of  the  preliminary  design  process  and  ensuing  aircraft 
quality. 

SESSION  II  -  Design  Integration  -  included  papers  summarizing  basic  approaches,  methods  and  trades  in 
balancing  requirements,  capabilities,  and  cost;  the  impact  of  design  interactions  and  techniques  for  coping  with  them; 
and  case  histories  of  the  design  evolution  of  recent  aircraft  to  show  means  used  to  reduce  cost  3nd  improve  quality. 

SESSION  HI  -  Analysis,  Optimization  and  Validation  Testing  Techniques  -  included  papers  on  engineering 
techniques  and  methods  to  improve  quality  and  reduce  cost  by  reducing  uncertainties  and  optimizing  tradeoffs  and 
engineering  designs. 

SESSION  IV  -  Integration  of  Subsystems  and  New  Technologies  -  included  papers  to  point  out  lessons 
tevned  in  subsystem  integration  and  the  application  of  new  technology;  the  impact  of  design  criteria;  new  technical 
advancements  and  means  for  assessing  their  value  and  estimating  costs  involved  in  their  application. 

SESSION  V  -  Panel  Discussion  on  Best  Approach  to  Reduced  Aircra*’-  Costs  -  planned  lo  discuss  either 
preplanned  issues  relating  to  the  impact  of  preliminary  design  on  aircraft  life  cycle  cost  or  further  pursue  issues 
of  much  interest  which  arose  during  the  course  of  the  Symposium.  Vigorous  discussion  among  Panel  members,  with 
further  detailed  questions  and  comments  from  the  floor  ensued  on  the  following  two  questions  generated  as  a  result 
of  the  Symposium 

1  We  design  civil  aircraft  to  clearly  defined  operating  cost  requirements.  In  military  weapon  systems,  does 
the  total  operational  concept  require  much  more  detailed  definition  tc  the  designer  to  allow  system  cost 
to  be  used  as  a  proper  design  parameter'’ 

1  Dries  “multi-rcic”,  rr  at  leact  commonality  at  major  subsystem  level,  offer  major  prospects  for  cost  saving 
with  the  wide  range  of  future  defense  systems  required'’ 

The  Symposium  provided  many  examples  of  the  impact  of  the  preliminary  design  process  on  total  system  cost. 
Numerous  approaches,  methods,  procedures,  technical  findings,  and  case  history  experiences  provided  specific 
examples  of  how  the  process  can  be  used  to  improve  quality,  apply  new  technologies,  and  reduce  cost  of  developing, 
producing,  and  operating  aircraft  systems. 

The  design  process  is  highly  iterative  and  requires  numerous  tradeoffs  and  compromises  to  synthesize  and  evolve 
an  integrated  design  which  provides  the  required  military  capabilities  within  time  and  cost  constraints.  The 
numerous  decisions  throughout  tlus  process  are  based  on  the  designers  ingenuity,  innovativeness,  and  judgment, 
coupled  with  the  best  data  available  from  engineering  analyses  and  tests. 

The  design  approaches,  methods,  techniques,  and  specific  procedures  summarized  in  the  papers  point  out 
numerous  ways  of  handling  specific  problems,  and  should  spark  new  ideas  for  improving  quality  and  reducing  costs. 
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While  discussions  with  the  authors  would  be  desirable  to  appreciate  the  subtleties  involved  and  better  understand 
what  the  designer  does  differently  under  design-to-cost  methods,  or  how  he  uses  the  preliminary  design  process  to 
further  reduce  cost,  an  appreciable  insight  will  be  gained  by  review  of  the  papers  presented  in  this  Conference 
Proceedings.  Representative  things  the  designer  can  do  to  reduce  co*»  include  the  following: 

! .  think  cost  reduction  and  consider  cost  ss  a  more  dominant  parameter  in  the  numerous  tradeoffs  that  are 
made  which  affect  performance,  tim;,  and  cost; 

2.  fully  understand  the  basic  mission  objectives  in  order  to  evaluate,  prioritize,  and  properly  balance  specific 
mission  and  design  requirements  with  full  consideration  of  total  force  budgets  and  both  current  and  new 
technologies: 

3.  consider  requirements  to  be  negotiable,  and  continually  examine  the  trades  between  achieving  design 
requirements  versus  cost  involved; 

4.  consider  the  complete  system  problem,  including  the  operational  environment  and  cost  implications  in 
deciding  design  requirements,  subsystems  to  be  used,  and  means  of  reducing  operational  costs; 

5.  design  for  adaptability  to  a  wide  range  of  missions  where  feasible  without  compromising  the  initial 
program; 

6.  provide  every  required  function  in  the  simplest  possible  manner,  and  strive  for  simplification  of  design 
and  reduction  in  numbers  cf  parts; 

7.  use  available,  fully  qualified  components  to  the  extent  possible, 

8.  utilize  the  prototype  concept,  especially  where  innovative  technologies  are  involved; 

9.  use  a  new  technology  where  it  is  essential  to  meet  the  performance  goal  or  reduce  cost,  but  do  not 
excessively  increase  risks  by  using  combinations  of  innovative  technologies  at  the  same  time,  except  perhaps 
in  prototype  programs; 

10.  do  i  more  adequate  job  in  the  preliminary  design  and  test  phase?  to  reduce  problems  in  later  detail  design, 
tooling,  and  manufacturing  phases; 

!  1 .  establish  meaningful,  usable,  and  validated  design  criteria  early  in  tht  program  to  avoid  concurrency  with 
the  system  development; 

1 2.  assure  availability  of  design  methods  and  d3ta  fully  capable  of  coping  with  the  design  problem  in  order 
to  speed  the  design  and  development  work  and  reduce  engineering  cost?  and  design  risks;  and 

1  .  automate  retrieval  and  data  handling  aspects  of  the  design  process  to  permit  rapid  analysis  and 
optimization. 

It  is  clear  from  the  excellent  papers  presented  and  active  participation  of  the  audience  that  the  preliminary 
design  process  is  a  topic  of  much  interest  and  worthy  of  cor  tinned  attention.  The  lively  fliscu-v^nr  following 
presentation  of  the  papers  and  the  Panel  session  give  hope  that  increased  attention  will  be  given  to  tht  preliminary 
design  and  development  process  as  a  mean,  of  reducing  cost  of  future  aircraft  systems. 

TV  formal  papers  presented  at  the  Symposium  are  contained  in  this  Conference  Proceedings.  Volume  1 
contains  the  unclassified  papers  and  Volume  II  contains  the  classified  papers. 

Appreciation  is  due  to  the  well  organized  response  of  Professor  Wafer,  of  FRG,  who  helped  assure  wc  would 
have  sufficient  papers  for  the  meeting  at  a  time  when  it  appeared  that  competitive  pressures  might  preclude  some 
of  the  kinds  of  discussions  necessary  for  3n  effective  meeting.  Diligent  efforts  by  R.F.Creasey,  of  the  UK.  and 
J.Forestier,  of  France  further  assured  a  good  spectrum  of  papers,  and  the  final  program  clone's  approximated  that 
planned. 

Tils  thorough  and  well  worked  out  arrangements  by  R.J  Wasicko,  FMP  Executive,  the  excellent  accommodations 
of  the  Air  War  College  of  the  Italian  Air  Force,  with  the  superb  efforts  of  General  Lucertmi.  General  Monti,  and 
General  Scafafia,  plus  their  able  staff,  and  the  gracious  hospitality  of  Aw  Ludano  Bausi.  Mayor  of  the  City  of 
Florence,  did  much  to  assure  open  and  lasting  d.scusrions. 
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WILLIAM  E.  LAMAR 

Member 

Right  Mechanics  Panel 
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t  ttKODUCTXOK 

Good  morning,  fellow  delegates.  I  would  like  to  add  my  welcome  to  that  of  our  host.  It  is  certainly 
a  p. .asure  being  here  in  Florence  and  having  the  opportunity  to  introduce  this  meeting  on  "Aircraft  Design 
Integration  ar.d  Optimirat ion"  to  such  an  eminent  group  of  aircraft  designers,  engineers,  manager",  and 
operators. 

Selection  of  Florence  for  the  meeting  was  most  fitting,  for  the  revival  of  art  and  design  started 
here  during  the  Renaissance  exerted  much  influence  or.  the  world.  It  is  hoped  that  this  meeting  will  result 
in  greater  use  of  the  preliminary  desi jn  process  to  spark  a  new  renaissance  in  improving  air-raft  quality 
and  reducing  cost. 

My  purpose  in  tfis  Introduction  is  to  discuss  the  mee.lng  objectives,  reasons  why  we  decided  to  have 
it,  the  preliminary  design  process,  and  issues  related  tc  the  Impact  of  the  process  on  cost  rcdJC'Itn, 
design  quality  and  application  of  advanced  technologies. 

MEETING  OBJECTIVES 

The  basic  objective  of  our  meeting  is  to  share  a.rperlences  and  knowledge  in  aircraft  design,  me, hods, 
and  technologies  that  will  help  reduce  aircraft  system  cost.  We  need  to  do  this  to  make  our  resources 
go  further  and  assure  that  N.VtO  na  l„ns  have  the  best  possible  military  aircraft  within  the  resou  ccr 
available.  Emphasis  in  this  meeting  is  on  the  impact  of  the  preliminary  design  p-ocess  on  the  development, 
production,  life  cycle  cost,  and  on  the  orderly  introduction  of  new  technologies  which  can  reduce  mission 
accomplishment  costs. 

We  would  like  to  probe  a  number  of  questions  at  this  meeting.  What  can  aircraft  development  designers 
and  managers  do  to  arrest  the  ever-increasing  cost  of  aircraft  weapon  systems?  What  do  thev  do  different 
under  "design-to-cost, "  "prototyping"  and  othei  new  management  methodologies  design  .o  accomplish  these 
objectives,  compared  to  what  they  did  before?  What  is  the  role  of  the  preliminary  design  process  in 
improving  the  quality  and  reducing  the  cost  of  new  aircraft?  How  can  ve  further  exploit  the  potential 
of  the  design  process  in  accomplishing  these  objectives? 

I  ho?<  the  technical  sessions,  plus  the  wrap-up  Panel  discussion,  during  the  four-day  meeting  will 
provide  a  sharper  insight  into  the  resolution  of  such  questions  as  well  as  much  useful  technical 
inform -itlon. 

MEETING  RATIONALE 

There  are  many  reasons  ‘ sr  having  this  meeting.  Much  concern  has  beet  expressed  by  high-level 
defense  officials  about  the  ?Vv»-increasing  sophistication  and  cost  of  new  aircraft  syst“ss.  High  costs 
have  already  rorced  sizable  reductions  in  the  affordable  ntrabers  of  modern  aircraft.  Despite  Improvements 
in  Che  combat  capability  of  individual  aircraft,  serious  questions  have  been  raised  whether  total  force 
capability  will  remain  adequate  if  the  trend  continues.  Assuring  both  the  quality  and  numbers  for 
adequate  defense  poses  a  continual  challenge.  The  number  of  new  ...rti.1;  scares  has  also  been  significantly 
reduced,  thus  reducing  options  and  the  experience  level  of  design  teams.  Some  jrojections  even  have 
Indicated  that  if  the  current  trend  of  exponentially  increasing  costs  continues,  in  forty  years  the  entire 
Air  Force  budget  will  be  requi.ed  for  a  single  aircraft  system' 

What  can  be  done  about  this  alarming  situation?  A  number  of  effective  actions  have  been  taken  over 
the  past  several  years  in  the  United  States.  Defense  weapon  system  acquisition  policies  have  been  revised 
and  new  methodologies  and  strategies  for  development,  such  as  "design- to-cost"  and  "prototyping",  have 
been  implemented. 

While  emphasis  on  cost  reductions  and  the  use  of  prototypes  to  reduce  development  risk  are  not  new 
cone*. ,  ts  •  the  current  metho oologies  have  unique  features.  Further,  their  Implementation  has  bean 
accompanied  by  a  vigorous  campaign  to  assure  that  aircraft  system  developers  are  fully  aware  ot  the  concepts, 
objectives,  specific  details,  and  the  urgency  of  achieving  aeaningfu’  reductions  in  cost  while  producing  a 
system  that  provides  required  capabilities. 

However,  little  h.-,s  bt.n  said  about  the  tremendous  Impact  of  the  preiininary  design  process  on  the 
cost  of  developing,  producing,  and  operating  aircraft  systems,  or  its  value  In  defining  needed  technology 
and  assessing  the  payoff  of  emerging  new  'econo logics  in  improving  quality  and  reducing  cost  of  future 
systems.  Some  excellent  broad  guidelines  fet  .educing  costs  have  been  offered  in  articles  by  high  level 
officials  and  industry  leaders,  ar.d  -.e-oral  interesting  studios  and  case  histories  of  unique  design  team 
operations  offer  insight  for  Improved  ue’-ciopaenc  however,  m-t-h  more  ..ecds  to  be  Kacntd  aha-it  just  how 
the  design  process  car.  be  used  co  make  tn-.h  signifi.ant  improvements  m  quality  and  -eductiot;/  in  cost. 

Former  United  States  Deputy  Secretary  of  Defense,  David  Tackard,  in  u  July  19?2  article  on  prototyping 
and  the  basic  problems  facing  the  aircraft  industry,  reiterated  hit  strong  belief  that  the  new  policies 
and  'nprove&ents  in  method  "wiii  oe  effective  only  to  the  extent  they  are  accepted  and  implemented  by 


people  throughout  the  Defense  Department  and  throughout  Industry."  Those  "responsible  for  making 
decisions  ...  on  specific  programs  and  specific  projects,  are  the  one*  —  in  fact,  the  only  ones  — 
who  can  bring  about  the  improvements  we  must  have."  This  points  out  the  need  to  improve  communications; 
and  since  we  are  talking  about  aircraft  systems,  we  need  to  fully  involve  aircraft  designers,  engineers, 
cost  experts  and  operators  that  have  to  do  the  job.  Effective  communication  to  share  ideas  and  knowledge 
is,  of  course,  a  basic  reason  for  ACARD. 

The  ACARD  Flight  Mechanics  Panel  has  iong  been  concerned  with  aircraft  design  and  technology 
integration.  The  increasing  concerns  about  aircraft  development  pioblcras  and  rising  costs  are  shared  b> 
all  NATO  nacions.  These  concerns,  coupled  with  a  strong  belief  that  the  preliminary  design  process 
offered  a  powerful,  but  inadequately  exploited  means  of  Improving  qualify  and  reducing  aircraft  acquisition 
and  operational  costs,  led  to  a  proposal  in  October  1971  that  the  Flight  Mechanics  Panel  sponsor  a  meeting 
to  point  out  the  great  potential  of  the  design  process  and  probe  -veans  of  better  using  it  to  help  solve 
basic  aircraft  quality  and  cost  problems.  Panel  approval  for  the  meeting  followed  the  author's  presentation 
of  a  "pilot  paper"  to  the  Panel  in  Braunschweig,  May  1972.  Subsequent  planning  by  the  program  committee 
and  preparation  of  papers  by  an  excellent  group  of  twenty-seven  authors  culminated  in  tils  meeting. 

PRELIMINARY  DESIGN  PROCESS 

I  am  using  the  term  preliminary  design  in  the  broad  sense  to  include  the  entire  preliminary  design  and 
development  process  up  to  the  point  of  configuration  "freeze"  and  a  decision  to  proceed  with  detailed  design 
and  preparation'  of  hardware  fabrication  drawings.  Many  different  terras  are  used  in  the  industry  to  label 
various  portions  of  this  process.  As  used  here,  the  oreliminary  design  and  development  process  includes 
such  phases  as  conceptual  design,  advanced  design,  and  configuration  or  product  definition. 

The  pre.  *■»  narv  design/development  process  includes  iterative  paper  and  computer  analyses,  studies 
and  design  layouts  to  optimize  trades  between  requirements,  available  technology,  timing,  and  cost.  The 
generic  development  steps  of  analyses,  preliminary  design,  detailea  design,  fabrication,  test,  and 
establishment  of  criteria  actually  go  through  many  iterative  cycles  in  th?  development  of  airciaft,  and 
exist  as  "inner  loops"  during  the  aircraft  preliminary  design  process.  For  example,  during  the  preliminary 
design  of  an  aircraft,  it  is  necessary  to  obt  .in  data  from  wind  tunnel  model  tests.  These  tests  in/olve 
analyses,  the  preliminary  design  and  detailed  design  o?  a  wind  tunnel  model,  its  fabrication,  test,  and 
evaluation  of  results.  The  resulting  criteria  and  data  are  then  fed  into  the  next  iterative  cycle  of  the 
aircraft  design  and  the  process  is  repeated  as  necessary.  As  the  process  proceeds,  the  configuration  is 
eventually  defined  and  validated  in  sufficient  depth  to  proceed  into  the  design  fabrication  and  test  phase 
for  a  full  scale  aircraft.  Here  again,  howevei ,  the  first  full  scale  aircraft  could  be  a  prototype  and 
would  thereby  require  an  additional  cycle  for  development  of  the  actual  production  airplane.  The 
preliminary  design  phase  thus  involves  wind  tunnel  testa,  subsystem  and  other  developmental  tests,  and 
both  computer  and  manned  simulations  in  the  proc  :ss  of  defining  the  configuration  and  resolving 
uncertainties.  Some  very  detailed  ’cslgn  work  say  also  be  included  to  resolve  questions  and  assure 
adequacies  in  specific  areas. 

While  accuracy  of  analysis  methods  has  improved  steadily  over  past  years,  result.'  of  pure  "paper 
analyses,"  sometimes  used  for  decision-making  purposes,  must  be  considered  "suspect"  unless  adequate 
assurances  exist  that  the  assumptions  made  in  preparing  the  analytical  model  are  fully  valid  for  the  new 
design  being  analyzed.  Since  the  new  design  usually  includes  configuration,  flight  environment,  or 
operational  usage  improvements  in  order  to  warrant  its  development,  it  is  likely  that  the  analytical 
models  which  were  developed  and  validated  from  previous  design  efforts  will  introduce  some  errors  when 
applied  to  the  new  design.  Thus,  in  contrast  to  "paper  studies,”  the  developmental  tests  involved  in  the 
preliminary  design  process  provide  a  markedly  diffe'ear  degree  of  confidence  and  progress  toward  a  real 
airplane. 


In  me  pteliednary  design  jro,.ess,  it  ‘.a  common  practice  to  establish  baseline  designs  which  are 
tested  to  validate  the  analyses  used  In  their  formulation.  After  the  baseline  design  is  "anchored"  by 
such  tests,  reasonable  extrapolation  can  be  made  for  parametric  tradeoffs.  Careful  judgment  is  required 
because,  if  the  extrapolation  Is  too  great,  the  errors  chat  creep  in  may  become  significant,  especially 
In  areas  of  high  sensitivity.  In  such  cases,  a  new  baseline  design  and  accompanying  tests  are  required 
to  anchor  a  new  design  point.  This  iterative  process  Involves  the  structure,  flight  control,  propulsion, 
and  subsystems  of  the  aircraft  as  well  as  to  the  aerodynasJics,  and  is  a  critical  cne  in  the  preliminary 
design  process. 

Figure  l,  taken  from  a  paper  by  W.  c  Swan,  a  presenter  at  this  meeting,  provides  additional  insight 
into  some  of  the  preliminary  design  tasks  and  ;heir  interrelationships.  Other  perspectives  will  be 
provided  at  the  meeting.  There  arc  obviously  many  ways  of  .  tpicting  the  nature  of  the  process.  A 
thorough  discussion  could  he  the  subject  of  an  entire  repor  . 

EVOLVING  RELATIONSHIPS 

The  Increasing  complexity  and  sophistication  of  the  dtsigi  process  :o  cope  with  the  need  of  initial 
acquisition  and,  later,  life  cycle  costs  are  indicated  by  the  next  chart  (Figure  2)  recently  prepared  by 
Fred  Oiazio.  This  shows  that  luring  the  1930-1950  time  period,  emphasis  in  design  was  primarily  on  the 
airframe,  propulsion  and  payload.  Determination  of  the  resulting  performance  was  considered  to  be  the  key 
portion  of  the  design  process,  ii  the  1950-1960  time  period,  chc  growing  need  to  consider  the  entire 
system  problem  led  to  the  weapon  j-sten  concept.  This  was  accc .par- led  by  greater  consideration  of  the 
avionics  and  research,  development,  teat,  and  evaluation  (SDT&E)  cost  in  the  design  process,  and  much 
effort  was  expended  to  determine  pen  irtsance  jnd  effectiveness.  In  the  past  decade,  system  integration 
was  stressed  to  an  even  greatei  degree  and  the  design  of  compatible  ground  support  equipment  was  added 
to  the  design  process.  In  addition,  sui.stantial  efforts  during  the  concept  analysis  phases  to  determine 
the  performance  and  <"ost  effectiveness  oi  the  resulting  system  generated  extensive  paper  workloads  and 
a*  .endant  cast  inc-cases  in  the  design  cos'*,.  The  current  emphasis  on  totally  integrated  systems  requires 
c-  'sidcraiion  of  total  life  cycle  coot  in  t!>  aircraft  design. 


I 


;-3 


f 


The  preliminary  design  development  phase  is.  shown  on  Figure  3  in  comparison  with  various  steps 
used  in  the  total  aircraft  development  process  as  specified  by  system  acquisition  procedures,  both  during 
the  late  1960's  and  early  I970's,  and  now.  Since  terminology  and  definition  of  phases  not  only  vary 
with  time,  but  also  with  governments  and  organizations,  it  is  important  to  carefully  understand  which 
parti 'ular  relationships  are  being  discussed  if  there  is  to  be  a  clear  communication. 

importance  of  the  preliminary  design  process 

The  leverage  exerted  by  the  preliminary  design  phase  on  the  total  system  cost  is  indicated  by 
Figure  4,  which  shows  the  total  life  cycle  cost  for  a  major  weapon  system.  The  preliminary  design  process 
in  this  case  included  synthesis  of  a  large  number  of  potential  configurations  and  substantial  wind 
tunnel  cests,  as  well  as  design  of  the  selected  configuration.  Yet,  it  constituted  only  a  very  small 
portion  of  the  total  life  cycle  cost  of  the  system  —  less  than  one  half  of  one  percent  (0.5*).  Since 
this  system  is  still  operational,  the  percentage  cost  of  the  design  portion  is  going  down  even  further 
each  year! 

We  find  that  typically  only  one  tenth  to  five  tenths  of  one  percent  (0.12  to  0.5*)  of  total  life 
cycle  cost  is  being  devoted  to  the  preliminary  design  phase.  Is  this  enough?  I  am  sure  that  many  designers 
would  think  it  is  not.  The  problem  is  to  convince  the  top  managers  that  Greater  emphasis  in  this  phase 
will  yield  rich  dividends  later,  even  if  the  future  money  savings  are  fully  discounted  for  interest  cost. 

Aircraft  preliminary  design  is  akin  to  the  architecture  ot  a  building.  It  is  the  phase  in  which  the 
future  characteristics  and  capabilities  are  largely  determined  and  wherein  most  of  the  key  decisions  are 
made.  Thoroughness  of  the  work  during  this  phase  exerts  a  critical  impact  on  the  final  aircraft  system 
capability  and  total  cost.  Because  of  this  and  the  much  higher  cost  of  subsequent  phases,  .t>  indicated 
by  Figure  4,  it  should  be  clear  that  a  major  portion  of  the  development,  production  and  operational 
costs  are  essentially  predetermined  at  the  tine  when  only  a  small  portion  of  the  total  life  cycle  cost 
has  been  expended. 

The  increasingly  large  effort  following  the  preliminary  design  obviously  involves  an  increasing 
investment  in  financial  and  technical  resources.  In  addition,  the  time  remaining  to  complete  the  develop¬ 
ment  and  meet  the  contractual  requirement  becomes  less  and  less.  The  net  result  of  these  two  pressures  — 
quickly  increasin'-  investment  and  reduction  in  tine  available  to  complete  the  job  —  is  an  increasingly 
strong  resistance  to  design  changes.  3efore  long,  no  basic  changes  are  permitted  unless  of  a  critical 
nature.  This  is  often  true  even  though  changes  are  logically  needed  to  assure  adequate  confidence  in 
meeting  basic  requiied  capabilities.  While  "work  around"  methods  are  employed,  and  some  detailed 
changes  and  product  Improvements  may  have  to  be  made  with  a  large  cost  penalty,  the  basic  characteristics 
provided  fcr  during  the  preliminary  design  often  “lock  fn"  or  "bound"  the  system’s  capabilities  throughout 
Its  life. 

Many  critical  program  decisions  are  made  on  the  basis  of  the  preliminary  design  process  results  — 
after  either  the  conceptual  or  definition  phase.  These  include: 

1.  selection  of  tne  winning  contractor,  an  important  factor  in  determining  the  quality 
of  Che  final  product; 

2  the  basic  system  char jcteristics  and  the  de,  ^e  to  which  they  have  been  optimized 
and  uncertainties  clla*t<atnd; 

3.  the  level  of  technology  to  be  used,  which  greatly  affects  final  aircraft  quality 
and  cost;  and 

4.  decision  to  proceed  Into  expensive  full  scale  development  and  perhaps  production. 

Ail  of  the  above  will  largely  determine  the  eventual  operational  capabilities  and  flexibility  of  the 
aircraft,  as  well  as  its  development,  production,  and  usage  costs. 

The  preliminary  design  pro-ess,  wher.  applied  to  potential  future  airc-af t ,  offers  a  means  of 
identifying  end  quantifying  gaps  in  technical  knowledge,  methods,  processes,  and  facilities  needed  for 
the  futu.-e  design,  as  well  as  aoy  technical  barriers  which  might  impede  a  successful  development.  Thf 
moans  of  doing  this  are  straightforward.  Technical  gaps,  barriers,  uncertainties,  and  sensitivities  c-n 
be  determined  by  preparing  and  analyzing  baseline  designs  and  trade  studies  with  respect  to  the 
technologies  associated  with  them.  Special  attention  should  be  given  to  areas  where  both  technical 
uncertainties  and  high  sensitivities  exist,  since  they  could  result  in  a  large  Impact  to  system 
capabilities  and  cost. 

Further,  the  preliminary  design  process  offers  a  powerful  means  of  assessing  the  payoff  of 
technical  inno.utlons  and  emerging  technologies  on  system  capability.  Emphasis  can  be  given  to  dsvelop- 
mert  and  application  of  technologies  which  can  reduce  cost.  Baseline  designs  and  associated  analyses, 
with  anc  without  the  new  technology,  provide  a  clear  means  of  obtaining  good  comparisons  ana  determining 
the  impact  of  the  new  technology  on  the  design  characteristics,  capabilities,  cost,  and  timing. 

I’se  of  the  preliminary  design  process  thus  offers  much  potential  in  determining  needed  new 
technologies  and  assessing  the  oiycff  possible  from  application  tf  emerging  technologies.  The  process 
can  be  applied  to  examine  possible  modifications  to  existing  systems,  r?  w«ll  as  potential  new  aircraft 
systems.  Since  the  entire  system  design  is  considered,  this  methodology  should  provide  an  effective 
means  of  avoiding  suboptimization  .’n  the  selection  of  technical  programs  which  si.ould  be  given  emphasis. 

Some  of  the  uses  of  the  preliminary  design  process  which  have  been  discussed  a^-ve  are  sezmuarized 
in  Figure  5. 


QUESTIONS  AND  ISSUES 

Wlille  it  is  clear  that  the  design  process  exerts  a  large  influence  on  all  subsequent  phases  of  the 
aircraft  life,  and  offers  much  potential  'n  improving  quality  and  thereby  reducirg  costs,  a  number  of 
questions  and  issues  appear  to  exist.  Some  of  these  are  listed  below. 

1.  How  can  we  really  do  a  more  effective  job  in  the  preliminary  design  process  to  reduce 
life  cycle  costs  in  che  face  of  all  the  practical  constraints  of  resources,  time 
schedules,  competition  pressures,  and  requirement  changes  that  actually  exist?  Will 
increased  resources  applied  to  preliminary  design  significantly  r_duce  total  program 
costs? 

2.  How  can  the  preliminary  design  process  be  more  effectively  interacted  with  the  requirements 
evolution  process  and  thereby  eliminate  costly  unnecessary  requirements? 

3.  Can  factors  affecting  production  and  operational  costs,  such  as  reliability,  maintenance 
and  field  operations  be  meaningfully  traded  and  quantitatively  assessed  in  preliminary 
design,  or  is  it  like  trying  to  measure  a  doughball  with  a  micrometer? 

4.  Ar,.  improvements  in  preliminary  design  approaches  and  methods  keeping  pace  with  needs 
imposed  by  modern  sophisticated  aircraft  and  design-to- tost  requirements?  Can  we  reduce 
the  cost  of  conducting  the  design  process  itself? 

5.  Will  extensive  use  of  computerized  analyses,  optimization  programs,  and  computer  graphics 
(man-in-:he-loop)  design  methods  actually  reduce  cost  and  improve  effcctivity  of  both  the 
design  process  and  resulting  aircraft,  and  how  much  is  practical?  Will  they  stifle 
innovation  and  creativity? 

6.  What  depth  in  the  preliminary  design  process  is  required  to  assess  the  payoffs,  risks, 
and  costs  involved  in  use  of  innovative  new  technology  with  sufficient  c'.edlhility  to  be 
acceptable  n  design-to-cost  proposals?  What  depth  of  analysis,  design,  and  demonstration 
of  the  new  technology  is  required? 

COST  REDUCTIONS 

Consideration  of  cost  is  hardly  new  in  aircraft  design.  A  good  designer  always  considers  cost 
directly  or  indirectly  when  he  examines  the  knee  of  a  curve  to  determine  the  point  of  diminishing  returns 
when  increasing  the  value  of  a  desired  parameter.  Value  engineering  programs  have  been  used  for  years 
to  reduce  cost,  especially  at  the  detail  design  level.  However,  the  continual  cost  escalations  over 
recent  years  clearly  point  out  the  necessity  for  major  campaigns  to  reduce  cost.  There  have  been  many 
of  these  in  the  past,  as  indicated  in  Figure  6.  This  indicates  that  managers  as  well  as  designers  have 
been  most  active  about  seeking  ways  to  do  something  about  the  problem.  Systematic  review  of  these  would 
uncover  a  number  of  useful  lessons  and  is  recommended  for  those  interested.  Without  question,  we  need 
to  do  better,  and  since  it  is  really  a  .ough  problem,  we  will  probably  continue  to  need  new  cost 
reduction  campaigns  to  keep  attention  on  the  problems,  and  to  provide  improved  policies  and  methodologies 
compatible  with  the  changing  social,  political,  economic  ana  military  environment. 

In  addition  to  the  design-cost  questions  already  noted  in  the  previous  section,  several  others  are 
worth-,  of  discussion. 

1.  The  prototype  concept  clearly  provides  a  means  for  working  out  technical  problems  and  proving 
feasi'-'lity  and  is  especial]/  valuable  when  the  design  pushes  the  state  of  the  art  or 
incorporates  Innovative  technologies.  On  the  other  hand,  a  prototype  also  increases  the  total 
time  and  perhaps  cost  on  paper  (i.e.,  a  "plan  for  success"  type  program  frequently  assumes 

no  major  problems,  and  therefore,  would  normally  show  a  shorter  time  and  less  cost  by 
going  directly  into  production  aircraft,  rather  than  going  through  the  prototype  stc-p). 

Tne  issue  is  whether  the  prototype  step  will  reduce  the  actual  total  cost  of  producing 
satisfactory  operational  aircraft.  If  the  cost  saved  by  avoiding  high  cost  changes  in 
production  or  operational  aircraft  is  greater  than  the  prototype  cost,  it  obviously  is  a 
good  buy.  Unfort jnateiy,  <in  evaluation  cf  this  is  always  subjective.  Prototypes  offer  other 
advantages  in  that  competition  and  options  can  be  maintained  for  a  longer  period  of  time. 
However,  the  prototype  concept  can  result  in  large  gaps  in  the  design,  engineering,  and 
fabrication  activities,  thus  decreasing  continuity  of  the  work  effort  and  increasing  total 
costs,  unless  the  program  allows  some  concurrency  in  initiating  development  of  additional  test 
or  production  aircraft.  This  has  been  worked  out  in  a  number  of  programs  by  timely  initiation 
of  additional  preproduction  aircraft  for  engineering,  development,  service  te  t,  or  operational 
test.  Mr  ,-e  widespread  use  of  the  prototype  concept  would  permit  more  new  aircraft  starts, 
orovide  more  viable  options  tot  decision  makers  and  dc  much  to  preserve  competent  and 
experienced  design  teams,  a  key  factor  in  program  success. 

2.  it  i»  often  said  that  greater  us<  of  standardized  components  and  subsystems  wouid  greatly 
reduce  life  cycle  cost.  Much  evidence  indicates  that  if  the  proper  standardized  components 
and  subsystems  existed,  this  might  well  be  true.  A  number  of  questions  exist  here.  How 

do  we  select  items  to  be  standardized  and  avoid  technology  and  ope-^tional  obsolescence? 

Would  such  i  concept  result  lr.  large  numbers  of  equipments  wasted  on  the  shelf  because  of 
lack  of  users?  Can  commonality  at  the  aircraft  systems  level  and  multi-mission  capability 
provide  a  significant  gain? 

3.  Another  Important  Issue  relates  to  the  additional  money  that  should  1  *  spent  during  the  design 
and  development  phase  in  order  to  reduce  operational  cost.  Examples  exist  where  the  fuel 
cost  savings  alone  would  more  than  pay  for  aircraft  modification  costs  within  one  year.  It  is 
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also  true  that  discounting  of  future  cost  benefits,  when  used  to  compare  options  on  the  basis  of 
present  value,  favors  systems  with  low  acquisition  costs.  How  much  reliability  should  be 
provided?  What  is  the  tradeoff  between  high  reliability,  which  will  reduce  equipment  removals, 
maintenance,  repairs,  and  replacement  cost  in  the  ‘uture  versus  the  current  cost  cf  developing 
the  component  with  assured  high  reliability?  Reliability  should  be  designed  into  tne  svsten 
by  careful  consideration  and  use  of  the  best  known  techniques  for  attaining  reliability  during 
the  design  process.  Relative].-  little  increase  in  cost  is  involved  in  doing  this  where  clear 
guidelines  and  experienced  dc  lgncrs  are  involved,  however,  assured  reliability  requires  much 
testing  and  directly  increas- s  cost.  Concepts  such  as  "life  cycle  cost"  (LCC)  emphasize  the 
importance  of  balancing  the  design  to  properly  consider  operational  costs.  The  fundamental 
problem  appears  to  be  the  requirement  to  spend  large  dollars  now  in  order  to  acquire  a  potential 
future  savings.  Use  of  the  preliminary  design  process  to  assess  the  probability  of  achieving 
the  future  savings  might  be  useiul  in  permitting  a  more  balanced  judgment. 

DES1CK  QUALITY 

Methods  of  analysis,  optimization,  and  design  integration,  and  means  of  reducing  uncertainties  and 
risks  are  of  key  importance  in  assuring  q-urlity,  providing  9  credible  design,  and  preventing  futuie  cost 
increases  to  fix  problems  and  omissions.  Cost  must  be  considered  as  on  engineefing  parameter  in  the 
optimization  process.  Most  methods  Involve  some  degree  of  uncertainty,  depending  on  their  application 
and  degree  of  extrapolation  from  test  validated  data.  New  configurations  often  require  the  concurrent 
development  of  new  methods,  pl:a  considerable  test  substantiation  in  order  to  achieve  accurate  results. 

Reductior  of  tests  to  save  money  and  failure  to  adequately  eliminate  uncertainties  in  the  design 
stage  can  later  result  in  multifold  'ost  increases  to  fix  problems  or  improve  capabilities  to  meet 
minimum  requirements.  An  old  adage  —  "A  cilt^n  in  time  saves  nine."  —  is  very  appropriate  in  this  area. 
A  key  question  regarding  analysis  and  test  validations  is,  "How  ouch  is  enough?"  One  answer  is  the 
judgment  of  an  experienced  design  team  with  a  clear  ur.derst  inding  of  uncertainties  and  sensitivities. 

"KI3"  —  Keep  If  Simple!  A  goou  rule  to  keep  in  mind.  Certainly,  emphasis  should  be 
given  to  achieving  the  most  simple  system  that  cap  effectively  accomplish  the  required  military  mission. 
Simplicity  ip  design  and  hardware  not  only  helps  reduce  initial  development  and  acquisition  costs,  but 
often  reduces  operational  costs  as  well.  System  readiness  is  enhanced  and,  in  many  cases,  operational 
success  is  improved.  However,  operational  simplicity  may  also  demand  sophisticated  designs  and  hardware. 
Many  examples  exist.  A  sophisticated  control  augmentation  system  greatly  simplifies  the  pilot's  task 
of  controlling  an  aircraft  wh.ch  has  poor  handling  qualities.  Complex  sensors  may  be  essential  to 
Identify  targets  at  night  or  under  all-weather  conditions.  A  complex  instrument  landing  system  noc  only 
simplifies  the  adverse  weather  landing  task,  but  also  greatly  contributes  to  safety.  Such  sophisticated 
systems  can  thus  greatly  improve  mission  success  and  reduce  aircraft  losses,  and  thereby  reduce  the 
over.  11  cost  ol  accompliching  a  military  task.  Too  often,  emphasis  on  cost  reduction  implies  that  new- 
sophisticated  techrology  is  pricing  us  out  of  business,  without  ‘aking  into  account  the  val..c  of  the 
increa'ed  operational  effectiveness  provided  by  the  new  technology.  Careful  design  and  cost  trades,  in 
relation  to  the  essential  military  requirements  for  both  peacetime  and  wartime  operations,  are  necessary 
to  determine  the  degree  of  simplicity  or  sophistication.  Clearly,  all  aspects  of  the  system  design, 
hardware,  support,  and  operational  use  must  be  considered  in  defining  the  most  effective  system. 

Otherwise,  suboptimization  may  well  be  the  result. 

ADVANCED  TECHNOLOGY 

A  number  of  emerging  technologies  appeal  to  offer  payoff  in  improving  effectiveness  and  reducing 
cost  of  new  systens.  Figure  ?  lists  many  such  technologies  frequently  discussed  in  uetail  at  AGARD 
meetings.  Despite  the  potential  improvements  which  thc-se  technologies  appear  to  offer,  their  application 
into  production  or  even  prototype  aircraft  often  appears  excessively  slow  to  the  technology  developer. 

Evan  quantitative  assessments  of  their  payoM  to  specific  aircraft  appear  to  lag.  Why?  Tnere  are  03nv 
reasons  for  the  lack  of  application;  however,  I  think  they  can  be  summed  up  by  two  words  —  uncertainty 
and  cost.  Uncertainties  exist  as  to  the  extent  and  credibility  of  :!o  o> -rcced  payoff  in  performance, 
operational  capability,  , r  cost  reduction,  possible  interactions  in  the  design,  and  best  means  o* 
applying  the  nev  technology.  Uncertainties  exist  as  to  the  impact  of  including  the  now  technology  on  the 
development,  cost,  sne  schedule.  Application  of  new  technology  is  also  inhibited  by  the  high  cost  o? 
reducing  che  uncertainties.  Innovative  technologies  requite  credible  demonstrations  to  provide  adequa  c 
confidence  that  they  are  ready  for  application.  Since  such  demonstrations  are  quite  expensive,  limiti  , 
development  budgets  demand  a  high  degree  of  selectivity.  The  problem  is  complicated  by  lacx  of  clear-  ut 
criteria  for  acceptance.  What  constitutes  an  adequate  demonstration?  The  answer  seems  to  vary  with  each 
specific  situation,  depending  on  need,  payoff,  risk,  and  cost. 

The  preliminary  design  process  offers  a  powerful  tool  in  reaching  a  decision.  Payoff  can  be 
determined  by  comparison  of  designs  with  and  without  the  new  technology.  Risk  can  be  assessed  by 
appropriate  subsystem,  interaction,  and  failure  analyses,  taking  into  account  sensitivities  an.-, 
uncertainties. 

In  Bose  cases,  as  for  example  whet,  aeroelostic  interactions  are  critical,  a  valid  assessment 
of  risk  can  be  quite  expensive  and  involve  detailed  engineering  analysis  and  test.  Nevertheless,  it  is 
far  less  expensive  to  resolve  such  questions  in  the  design  phase  than  face  the  problem  in  a  later 
production  phase.  Design  is  an  iterative  process  and  the  application  of  assessment  "gales"  during  both 
design,  prototype  development,  and  later  production  phases  con  be  used  to  assure  that  the  payoff,  risk, 
and  funds  involved  with  application  of  the  new  technology  are  in  harmony.  Since  analytical  processes  ate 
not  perfect,  a  gradual  evolutionary  approach  to  the  application  of  new  technology  has  sometimes  been  the 
only  acceptable  answer;  as  an  example,  use  of  graphite  composite  materials  in  small  noocrltical  structural 
applications  before  application  to  primary  load  carrying  structure. 

While  It  is  the  belief  of  many  that  nev  technologies  invariable  increase  complexity,  sophistication, 
and  cost  of  new  systems,  new  technology  can  either  directly  or  indirectly  reduce  the  life  cycle  cost  of 
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the  system,  as  well  as  the  cost  of  accooplishing  a  military  function.  Unfortunately,  assessments  of  the 
operational  and  equivalent  dollar  value  of  improved  capabilities  provided  by  new  technologies  versus 
the  coat  involved  are  complicated  by  inadequacies  in  analysis,  evaluation,  and  costing  methods,  Credibility 
of  results,  however,  depends  on  the  credibility  of  the  inputs  —  many  of  which  depend  on  the  preliminary 
design  process  and  the  tests  associated  with  it. 

The  presentations  and  discussions  in  the  technical  sessions  of  the  Symposium  will  provide  insight 
intc  these  and  many  other  quest 'ons.  I  believe  it  is  clear  that  the  preliminary  design  and  development 
process  offers  an  effective  tool  in  increasing  design  credibility  and  reducing  costs.  How  much  is  enough 
varies  widely  with  the  particular  design  problem.  The  meeting  papers  will  provide  further  insight  into 
the  questions  relevant  to  i^pre/ing  quality  and  reducing  cost,  and  suggest  means  of  doing  better. 
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FOR  THE  YF-16  PROTOTYPE  FIGHTER 
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Fort  Worth  Operation 
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SUMMARY 


The  YF-16  prototype  aircraft  was  conceived  ar.d  is  being  developed  as  a  icw-cest, 
exceptionally  high-maneuvering-performanee  fighter  aircraft.  To  meet  the  cost/psrformance 
objectives,  a  number  of  advanced  technology  features,  including  vortex  lift,  variable  wing 
camber,  wing/body  blending,  relaxed  static  stabix:.ty/fly-by-wire,  and  high-performance 
normal -shock  inlet,  were  optimized  and  integrated  during  the  preliminary  design  phase. 

The  basic  design  concept  was  tc  apply  these  advanced  technologies  in  a  wa y,  first,  to 
produce  a  small-size  aircraft  and,  second  to  achieve  simplicity  -  both  of  these  design 
objectives  having  a  direct  benefi-ial  efiect  on  the  development,  acquisition,  and  life- 
cycle  cost.  The  resulting  configurable :  is  predicted  to  meet  all  progr«3  cost/performance 
objectives;  it  will  be  flight  demonstrated  starting  in  early  1974. 

1.  INTRODUCTION 

There  is  increasing  concern  with  the  problem  of  escalating  costa  of  modern  weapon 
systems,  including  of  course  aircraft,  which  in  the  U.S.  represents  a  large  percentage  of 
the  Defense  Department  procurement  budget.  Without  entering  into  all  of  the  ramifications 
of  this  prooleo,  it  must  be  admitted  that,  in  the  past,  cost  has  not  been  given  the  same 
consideration  as  performance  or  schedule,  and  that  design  decisions  have  been  generally 
made  in  favor  of  performance.  Although  cost  has  not  been  ignored  in  the  past,  and  cost- 
effectiveness  studies  and  value  engineering  programs  have  been  of  benefit  in  making  pro- 
.urement  and  design  decisions,  they  have  not  in  themselves  produced  the  desired  results. 
Cost-effectiveness  studies  that  were  intended  tc  provide  a  quantitative  assessment  of 
capability  versus  cost  for  alternative  systems  or  design  did  not  in  many  instances  take 
into  full  account  the  development  risks  or  true  operating  cost  that  were  incurred,  and 
these  analysis  tended  toward  justification  of  more  exotic  and  complex  designs.  Value 
engineering  programs  have  proved  effective  in  reducing  costs,  but  they  have  generally 
been  concerned  with  cost  reduction  on  a  detail  level  and  have  not  affected  overall  air¬ 
craft  configurations. 

In  view  of  these  continuing  cost  problems,  there  is  increasing  effort  to  interject 
cost  as  a  parameter  co-equal  with  performance  in  the  design  decision  process  and  tc  set 
specific  cost  targets  against  which  to  design.  When  these  targets  are  established  at  the 
time  a  preliminary  design  is  started,  they  can  have  a  profound  effect  on  the  procedures 
used  and  on  the  design  concepts  and  the  ccnfiguration  selection  process.  There  are  at 
least  three  fundamental,  aspects  of  the  preliminary  design  process  that  have  a  direct 
impact  on  progrmn  and  air  vehicle  cost: 

1.  Design  concept  and  configuration  chosen. 

2.  Degree  of  risk  involved  in  meeting  a  given  set  of  requirements. 

3.  Adequacy  anu  thoroughness  of  the  preliminary  design  effort  in  establishing 
a  firm  configuration  from  which  to  proceed  into  subsequent  phases  cf  the 
program. 

The  first  and  second  aspects  are  self  evident.  It  is  possible  for  a  manufacturing 
operation  to  expensively  produce  an  inherently  low-cost  design,  but  it  is  not  possible  for 
a  manufacturing  operation  to  inexpensively  produce  an  inherently  high-cost  design.  His¬ 
torically,  high-risk  designs  have  also  beer,  responsible  in  a  number  of  cases  for  v  „h 
costs,  particularly  when  development  is  coupled  with  concurrent  production. 

Ihe  third  fun'’ -mental  aspect  Is  also  generally  recognized.  As  noted  in  the  pro¬ 
gram  theme,  major  accelerating  expenditures  of  money  occur  after  completion  of  the  prelim¬ 
inary  design,  and  a  thorough  and  complete  preliminary  design  is  the  key  to  permitting  ar 
orderly  and  economical  transition  into  the  detailed  design,  tooling,  and  manufacturing 
nhases  of  an  aircraft.  Errors,  miscalculations,  or  wrong  engineering  judgement  during 
the  preliminary  design  process  can  cause  a  project  or  program  to  fail  or  at  bast  flounder. 


with  consequent  inordinate  high  cost,  schedule  slippage,  or  both.  The  probable  success¬ 
ful  completion  of  an  aircraft  design  project  through  the  flight  test  phase  is  a  direct 
function  of  the  soundness  of  the  engineering  data  available,  the  adequacy  of  the  analysis 
of  this  data,  and  the  judgement  used  in  arriving  at  and  making  design  configuration 
decisions  based  on  this  information  during  preliminary  design.  This  is  a  re,  iily  recog¬ 
nized  tenet,  and  there  is  a  constant  striving  to  add  greater  credibility  to  the  design 
effort  by  bolstering  the  preliminary  design  data  base  through  improved  analytical  proce¬ 
dures  and  methods,  simulators  and  syntheses,  and  wind  tunnel,  laboratory,  and  flight  tests. 

The  preliminary  design  of  an  aircraft  can  above  all  else  be  characterized  as  an 
iterative  process  in  which  a  very  large  number  of  variables  must  be  evaluated  and  consid¬ 
ered.  The  evolving  design  concepts  must  be  integrated,  hopefully  in  a  synergistic  or 
complimentary  way  but  more  usually  in  a  compromise.  The  process  involves  innovation  and 
inventiveness.  The  preliminary  design  configuration  that  results  from  this  process  is 
a  reflection  of  the  relative  weighing  given  the  various  requirements,  the  effectiveness 
of  the  integration  process,  the  Inventiveness  of  the  designers,  and  the  judgement  applied 
to  the  compromises  made.  Walter  Diehl  In  his  book,  "Engineering  Aerodynamics",  first 
published  in  1928,  makes  the  following  statement  in  his  opening  paragraph: 

The  designer  of  an  airplane  is  confronted  with  an  endless  series  of 
compromises.  At  each  stage  in  the  design  he  must  decide  just  how  far 
a  loss  in  one  characteristic  is  justified  by  a  gain  in  some  other 
characteristic.  The  degree  of  success  finally  attained  depends  largely 
on  the  soundness  of  the  judgement  exercised  in  the  designer's  decisions. 

We  have  come  a  long  way  since  1928  in  our  preliminary  design  methods  and  procedures;  how¬ 
ever,  compromise  and  exercise  of  sound  engineering  judgement  are  still  two  very  eesential 
ingredients  of  the  preliminary  design  process.  The  extensive  efforts  that  lave  been  put 
forth  in  developing  more  precise  procedures  and  methods  for  design  purposes  (particularly 
computer  analysis  and  synthesis,  and  improved  wind  tunnel  and  flight  simulation  techniques) 
provide  a  great  deal  of  information  not  available  even  a  relatively  few  years  ago.  Pres¬ 
ent  computerized  design  progress  make  it  possible  to  test  and  evaluate  many  more  alter¬ 
natives  and  options  than  heretofore.  These  improved  methods  and  procedures  have 
materially  aided  in  developing  aircraft  configurations  at  the  preliminary  design  stage 
so  that,  when  rendered  into  hardware,  risk  is  reduced  and  there  is  greater  assurance  of 
meeting  the  design  objectives.  Nevertheless,  there  are  still  some  obvious  problems  in 
structuring  a  preliminary  design  today  that  prevents  completely  computerized  preliminary 
d  signs.  Some  of  the  more  significant  of  these  are  concerned  with  understanding  all  of 
.he  interactions  involved  in  the  integration  process,  and  quantification  of  the  variables, 
such  as  the  factors  involved  in  life-cycle  cost.  It  is  these  areas,  and  thera  are  no 
doubt  others,  that  require  application  of  judgement  if  a  successful  desien  to  to  be 
evolved. 


There  is  an  additional  point  that  needs  to  be  made  that  has  a  direct  bearing  on 
the  cost  of  an  aircraft  and  development  program.  That  is  the  imposition  of  overly  restric¬ 
tive  requirements  that  cave  little  room  for  compromises  thot  may  need  to  be  made  to 
achieve  the  primary  performance  objectives.  It  appears  that  this  situation  ,'s  universally 
understood  but  inconsistently  practiced.  It  requires  rigoious  discipline  on  the  part  of 
the  designer  and  customer  to  assure  that  priorities  are  properly  placed  and  chat  the 
important  perfc.mance  goals  or  objectives  are  not  eroded  away  by  secondary  considerations. 

2.  YF-16  LIGHTWEIGHT  FIGHTER  PROGRAM 

To  get  more  specifically  to  the  theme  of  this  session,  "The  Preliminary  Design 
Process  and  Its  Impact  on  Cost",  the  preliminary  design  approache.*  and  concepts  and  result¬ 
ing  configuration  characteristics  of  the  US  Air  Force/General  Dynamics  YF-16  Lightweight 
Fighter  will  be  discussed,  since  this  program  has  specific  cost  objectives  attached  to  it. 

The  YF-16  Lightweight  Fighter  is  a  current  program  in  which  cost  is  a  first-order 
consideration  in  the  prototype  design,  tooling,  manufacturing,  and  test.  Also,  design  to 
achieve  the  lowest  possible  production  unit  cost  is  /laramount.  A  orief  description  of 
the  project  and  the  aircraft  is  appropriate  for  an  ur Jerstanding  of  the  subsequent  dis¬ 
cussion  concerning  the  specific  actions  taken  during  preliminary  design  to  meet  these 
cost  objectives. 

The  program  has  several  specific  objectives,  which  were  established  at  the  time 
the  Request  for  Proposal  was  made  to  industry  ?y  the  U.S.  Air  Foxce; 

1.  To  fully  explore  the  advantages  of  emerging  technology. 

2.  To  reduce  the  risk  and  uncertainties  of  full-scale  development  and 
pre  ductioTi. 
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3.  To  provide  the  Department  of  Defense  with  a  variety  of  options,  readily 
available  for  application  to  military  hardware  needs. 

The  contract  requirements  to  accomplish  these  objectives  for  the  prototype  program 
are  very  simple  ar.d  straightforward: 

1.  Design,  develop,  and  fabricate  two  prototype  aircraft. 

2.  Assess  and  certify  aircraft  safety-of-f light. 

3.  Conduct  a  joint  Contractor/Air  Force  flight  test  program. 

A.  Train  A*r  force  test  ois. 

5.  Provide  total  eoncr-ctor  support  during  the  flight  test  prograu. 

6.  Provide  a  data  secession  list. 

?.  Prepare  a  final  report. 

Further,  under  Item  1  above,  complete  latitude  is  provided  in  tanking  trades;  it  is  only 
required  that  the  Contractor  "Design,  develop,  and  fabricate  two  prototype  aircraft 
substantially  in  accordance  with  Contractor  Technical,  Management,  end  Cost  Proposal 
FZP-X4Q1,  dated  18  February  1972"  and  acquiesce  with  an  agreement  letter  covering  a  few 
miscellaneous  revisions  desired.  There  are  no  contractually  obligated  Statements  of  Work 
or  detail  specification  requirements;  the  design  responsibility  rests  solely  with  the 
Contractor.  The  program  is  planned  for  the  first  flight  to  occur  21  months  after  go-ahead, 
followed  by  a  one-year  period  of  flight  testing  of  the  two  aircraft. 

There  is  also  a  cost  stipulation  in  the  contract  awarded.  The  total  progran  cost 
commitment  by  the  Air  Force  to  Cenc-ral  Dynamics  for  two  prototype  aircraft,  including 
one  year  of  flight  test,  could  not  exceed  $3?.$  million,  and  the  average  unit  fly  away 
cost  goal  for  300  aircraft  was  $3  million  in  FY-72  dollars. 

A  three-view  of  the  aircraft  is  shown  in  Figure  1.  The  design  is  a  single-seat, 
single-engine  conf iguretior.  with  a  relatively  low  wing  loading  at  combat  weight  (60 
pounds  per  square  foot)  and  a  very  high  thrust -to- weight  ratio  (I. A).  The  structural 
design  gross  weight  is  16,500  pounds;  maximum  design  takeoff  weight  is  27,000  pounds. 

The  YF-16  is  a  relatively  small  aircraft  with  a  wing  span  of  30  reet  and  a  length  of  46.5 
feet.  The  engine  is  the  Pratt  &  Wnitney  F-100-PW-J0Q,  identical  in  configuration  to  that 
used  ir«  the  F-15.  In  accordance  with  the  objectives  of  the  program,  a  number  of  advanced 
technology  features  for  flight  evaluation  r.sve  been  incorporated.  (These  are  elaborated 
below  in  Section  4.) 

The  basic  performance  goals  are  relatively  few  end  unencumbered.  High  maneuvering 
performance  in  a  day  visual  air  combat  environment,  with  maximizing  of  the  useable  maneu¬ 
verability  and  agility  in  rhe  combat  arena  is  desired.  There  is  a  single  design  combat 
mission  that  permits  use  of  external  tanks  to  fly  to  the  combat  cone,  perform  a  prescribed 
set  of  combat  maneuvers  including  a  number  of  sustained  turns  at  both  subsonic  ar.d  super¬ 
sonic  speeds  at  maximum  power,  and  cruise  back  to  Che  takeoff  point.  Intercontinental 
range  performance  with  external  tanks  is  also  desired. 

To  achieve  the  maximum  it  maneuverability  and  agility  it  was  necessary  t_-  assure 
that  no  flow  anomalies  exist  at  high  angles -of -attack  or  yaw  that  would  affe-t  the  flying 
qualities.  To  achieve  the  aini_r«Jin  size  ar>d  weight  aircraft,  it  is  obvious  high  sustained 
turn  rates  are  desirable  which  are  directly  a  function  of  the  drag  at  lift  and  the  thrust 
available.  The  combat  maneuver  load  factor  is  only  required  at  the  combat  fuel  weight 
which  is  addei  incentive  to  reduce  combat  weight  and  thus  in  turn  structural  weight.  It 
is  worthy  of  note  chat  no  specific  high  supersonic  speed  is  required,  nor  is  the  design 
compromised  for  high  speed,  but  a  natural  fallout  of  the  high  thrust  to  weight  ratio 
places  the  airplane  in  the  Hach  2  class. 

In  recognition  of  the  exploratory  technology  concept  of  the  program,  a  modular 
design  approach  was  taken,  and  convenient  manufacturing  breakpoints  ere  provided  for  flex¬ 
ibility  in  the  test  program  or  for  evaluation  of  additional  experimental  configuration 
concepts,  if  so  warranted,  at  completion  of  the  present  program.  This  concept  is  illus¬ 
trated  in  Figure  2.  Another  feature  of  the  design  is  the  additional  structural  margins 
of  safety  of  25  percent  incorporated  in  all  primary  flight  structure.  This  design  concept 
was  adopted  to  permit  flight  testing  up  to  limit  design  conditions  without  exceeding  80 
percent  of  the  limit  design  strength  and  without  extensive  static  strength  testing. 


3.  DESIGN  CONCEPT  AND  APPROjVCH 

The  basic  design  concept  was  to  apply  advanced  and  emerging  technology  in  a  simple 
way  to  achieve  the  performance  objectives  in  a  minimum-size  aircraft,  with  simplicity 
being  the  keynote.  As  previously  pointed  out,  there  were  two  cost  goals  established:  the 
cost  of  the  prototype  aircraft  and  progrsrn,  and  the  unit  cose  for  ».  production  quantity 
of  aircraft.  There  is,  of  course,  an  additioril  cost  objective  that  must  be  considered, 
although  not  specifically  qu  ntified,  and  that  is  the  total  life-cycle  cost.  While  there 
are  obviously  trades  that  car  be  made  between  development,  acquisition,  and  operating 
costs,  small  size  and  simplicity  directly  affect  all  elements  cf  the  total  life-cycle  cost 
in  a  beneficial  way. 

The  importance  of  achieving  a  small-size  aircraft  from  a  cost  standpoint  is 
readily  appar*-  c.  In  most  instances  airframe  costs  can  be  considered  a  first  order  effect 
of  ight  otler  considerations  such  as  material,  detail  design,  and  construction  being 
equal.  For  example,  on  the  design  mission  of  the  .F-16,  the  growth  factor  is  about  2.5. 
This  means  that  for  every  pound  of  dry  weight  saved  by  new  technologies,  the  aircraft 
gross  mission  weight  decreases  tv  2.5  pounds  -  thus  reducing  design  weight  and  spiraling 
dry  weight  down  further.  Similarly,  for  every  count  of  drag  s..ved  by  the  new  technologies, 
mission  weight  was  reduced  by  5  pounds  -  again,  spiraling  down  the  dry  weight.  The  impor¬ 
tance  of  advanced  technologies  in  reducing  aircraft  size,  and  cost,  is  therefore  oi  major 
concern  in  our  preliminary  design  efforts. 

The  integration  of  advanced  technologies  with  the  objective  of  small  size  and 
simplicity  involved  a  concerted  and  concentrated  effort  in  the  wind  tunnel  along  with 
complementary  parametric  sizing  and  optimization  studies,  including  sir.gle-versus-twin- 
engine  con  figuration.-  The  extent  of  this  program  is  illustrated  in  Figure  3,  where  it  is 
noted  that  78  significant  variations  were  tested,  covering  several  different  wing  planforms 
and  airfoil  sections,  fixed-and  variable-camber  wings,  bifurcated  and  single  inlets,  twin 
and  single  vertical  tails,  and  50  variations  in  forebedy  strake  design.  Major  emphasis 
was  placed  on  achieving  flight  and  configuration  characteristics  that  would  contribute 
directly  ;o  the  air-to-air  kill  potential  in  the  combat  arena.  These  include  the  maxi¬ 
mization  of  maneuver/energy  potential  and  the  elimination  of  aerodynamic  anomalies  up  to 
the  maneuver  angle-of-attack  limits. 

In  addition  to  the  application  of  advanced  technology  to  achieve  small  size  and 
simplicity,  the  following  principles  wore  adopted  to  minimize  costs: 

1.  Emphasize  the  new  and  novel  technology  features  of  the  design  that  are 
significant  in  meeting  performance  requirements.  Where  new  technology 
is  not  required,  use  proven  systems  and  components  wherever  possible, 
particularly  where  only  marginal  benefits  will  accrue  by  redesign. 

2.  Establish  specific  cost  goals  and  be  willing  to  compromise  or  trade 
performance  or  operational  capability  to  meet  them. 

Design  for  low  manufac •":»’* *ng  cost  by  making  detail  and  component  assemblies 
simple  to  raanufactu’'--,  using  low-cost  materials  and  processes,  standardizing 
hardware,  and  deeming  for  rsultipie-use  parts  and  assemblies. 

While  certain  of  these  principles  are  usually  associated  with  detail  design,  they  do  affect 
the  basic  design  of  the  aircraft  and  therefore  must  be  considered  in  the  preliminary  design 
chase. 

It  was  recognized  from  Che  onset  of  the  progrsn  Chat  a  somewhat  anomalous  situa¬ 
tion  existed,  i.a.,  tne  design  for  a  minimum-cost  tvo-airplane  prototype  program  would 
not  necessarily  be  the  same  as  that  for  an  aircraft  to  be  produced  in  quantity.  However, 
most  basic  design  and  program  criteria  that  significantly  effect  cost  are  applicable  to 
both  and,  particularly  to  assure  that  the  requirement  for  a  viablo  production  option  was 
retained,  there  was  no  departure  made  in  the  basic  configuration  in  the  prototype  because 
only  two  aircraft  were  tc  be  manufactured.  In  fact,  the  aircraft  was  first  configured  in 
an  operational  form  and  then  departures  were  made  in  detail  to  meet  the  specific  objec¬ 
tives  of  cost  and  schedule  required  by  the  two-airplane  prototype  concept.  The  flight 
test  aircraft  will  provide  truly  valid  performance  data  for  an  operational  aircraft. 

4.  APPLICATION  AND  INTEGRATION  OF  ADVANCED  TECHNOLOGY  AND  INNOVATIVE  DESIGN  FEATURES 

In  consonance  with  the  desires  of  the  Air  Force  to  "fully  explore  the  advantages 
of  emerging  technology"  as  applied  to  a  fighter  aircraft  to  .achieve  exceptional  maneuver¬ 
ing  performance,  a  number  of  potential  advanced  aerodynamic  and  flight  control  concepts 
were  considered.  The  criteria  for  selection  were  established  as  follows: 


2-5 


1.  Must  contribute  directly  to  the  performance/design  goals. 

2.  Must  be  sufficiently  advanced  to  warrant  prototyping. 

3.  Must  individually  not  be  of  such  high  risk  as  to  jeopardize  the  total  program. 

4.  Must  fall  within  imposed  constraints  of  cost,  complexity,  and  utility. 

There  was  an  additional  obvious  consideration:  compatibility  between  technol¬ 
ogies  was  essential.  The  program  is  not  structured  to  test  individual  advancements  i.n 
the  state  of  the  art,  but  to  test  and  evaluate  a  complete  aircraft  having  the  potential 
of  development  into  an  effective  weapon  system.  It  also  is  pointed  out  that  the  actual 
preliminary  design  procedure  did  not  involve  shopping  through  a  list  of  advanced  technol¬ 
ogies  and  then  attempting  to  structure  the  configuration.  A  more  conventional  design 
than  that  of  the  current  YF-16  was  evolved,  and  various  advanced  configuration  features 
were  analyzed  and  tested  and  then  incorporated  if  proven  that  they  did  in  fact  meet  the 
selection  criteria.  This  effort  extended  over  a  period  of  two  years  before  submittal  of 
a  firm  design  proposal.  The  advanced  technologies  incorporated  into  the  design  are  illus¬ 
trated  in  figure  4.  The  combined  effect  of  incorporating  these  features  -J n  the  design 
was  to  reduce  the  weight  empty  by  1300  pounds  and  the  combat  weight  by  2200  pounds.  In 
addition,  other  performance  benefits  were  accrued  and  simplification  was  achieved  that 
otherwise  would  not  have  been  possible. 

It  is  difficult  to  discuss  the  benefits  of  individual  advanced  technologies  as 
applied  to  the  YF-16  since  they  are  completely  integrated  into  the  design  -  not  only  with 
each  other  but  with  other  innovative  design  features  not  truly  representative  of  "advanced* 
technologies.  Therefore,  for  this  discussion,  the  advanced  technologies  are  categorized 
as  those  related  to  achieving  high-maneuvering  performance,  as  follows: 

.  Variable-camber  wing 
.  Wing-body  blending 
.  Vertex  lift 

.  Relaxed  static  stabiiity/fly-by-wire 
.  Bottom  inlet  location 
.  Composite  materials 

The  innovative  (and  in  scsne  cases,  '’advanced")  design  features  are  separated  into  two 
categories:  (1)  those  incorporated  to  improve  pilot  effectiveness,  and  (2)  those  incor¬ 

porated  to  reduce  cost.  In  the  category  of  pilot  effectiveness,  the  features  are 

.  30-degree  seat -back  angle 
.  Sice-stick  controller 

.  Clesr-view- forward  canopy  with  360-degree  vision. 

In  the  category  of  cost  reduction,  the  features  are 

Single  engine 
.  Normal-shock  inlet 
.  System  simplification 

Multiple-part  useage 
.  Standardization 
.  Materials  selection. 

These  advanced  technologies  and  innovative  design  features  and  the  benefits 
accruing  from  their  utilization  are  discussed  below  according  to  the  category  and  the 
order  given  above, 

A.  High  Maneuver-Performance  Design  Features 

So  that  the  des'red  performance  objectives  could  be  achieved,  major  emphasis 
was  pi 3ced  in  the  areas  of  aerodynamics,  stability  and  control,  and  propulsion.  Spec'ri- 
cally,  the  requirement  was  to  achieve  at  high  angles  of  attack  and  sideslip  an  efficient 
L/D,  low  buffet  intensities,  good  control  characteristics,  spin  resistance,  high  thrust 
for  sustained  turn  capability,  and  low  inlet  distortion. 

Variable-Camber  Wing.  Variable  wing  camber  was  selected  early  in  the  pre¬ 
liminary  design  phase  after  a  parametric  wing  study  of  wing  airfoil  sections,  areas,  and 
planforms.  The  effectiveness  cf  this  feature  in  increasing  the  sustained-maneuver  L/D 
is  shown  in  Figure  5.  The  chord  of  the  leading-edge  flaps  is  3C  percent  at  the  wing  tip 
and  18  percent  at  the  root.  This  variation  in  chord  along  the  span  effectively  provides 
a  greater  camber  at  the  tip  than  at  the  root  when  the  flap  is  deflected.  The  flap  rate 
is  35  degrees  per  second,  which  is  compatible  with  the  airplane  response  in  pitch  and  is 


automatically  programmed  as  a  function  of  Mach  number  and  angle  of  attack.  Pitch  rate  is 
also  supplied  to  the  controller  to  provide  more  accurate  tracking  of  the  flap  position 
with  airplane  attitude.  In  addition  to  the  direct  maneuver  improvement  gained  from  the 
leading-edge  flap,  it  also  proved  beneficial  in  linearizing  the  pitching-momerit  curve 
and  reducing  angle-of-attack  effects  on  directional  stability.  Althougn  the  leading-edge 
flap  adds  some  complexity  and  cost  to  the  design,  it  permits  a  wing  having  a  smaller  area 
and  a  lower  t/c,  with  good  performance  <n  both  the  transonic  and  supersonic  area  of  the 
flight  envelope. 

Wing-Body  Blending.  As  shown  on  Figure  6,  wing-body  blending  was  adopted  in 
in  an  effort  to  reduce  weight  and  achieve  high  volumetric  efficiency,  thus  reducing 
overall  size  and  cost.  This  approach  resulted  in  a  lower  fineness  ratio  (3.5)  than 
desired  for  the  supersonic  flight  regime  but  provided  a  better  wetted-area-to-voluae 
ratio,  partially  offsetting  the  wave  drag  penalty  and  permitting  a  good  distribution  of 
fuel  about  the  center  of  gravity.  The  calculated  weight  reduction  and  associated  volume 
increase  are  570  pounds  and  9?e.  A  wetted  area  reduction  of  2%  was  realized.  The  use  of 
blending  also  permits  greater  flexibility  in  tailoring  the  area  distribution  curve. 

Vortex  Lift.  The  initial  effort  in  blending  of  the  body  lines  forward  of  the 
wing  leading  edge  resulted  in  poor  pitching  moment  and  less-than-desirable  directional 
stability  characteristics  at  high  angles  of  attack.  it  was  suggested  by  the  NASA/Langley 
Research  Center  that  sharpening  of  the  forebody  wing  fillec  lines  from  the  relatively 
blunt  leading  edges  that  had  been  tested,  which  would  deliberately  strengthen  the  fore¬ 
body  vortex,  could  improve  the  air  flow  over  the  wing  with  an  attendant  increase  in  lift 
and  improved  stability.  This  possibility  was  investigated  through  a  series  of  wind 
tunnel  investigations  wherein  46  forebody  strake  variations  were  tested  to  optimize  the 
design  sr.d  achieve  the  proper  balance  between  aerodynamic  performance  and  stability  and 
control.  This  controlled  vortex  principle  is  shown  in  Figure  7;  the  effect  on  lift, 
stability  derivatives,  and  buffet  is  shown  in  Figure  8.  This  concept  is  a  direct  result 
of  pricr  investigations  of  highly  swept  double-dc-lta  wing  configurations  that  indicate'* 
the  benefits  which  could  be  derived  from  a  strong  inboard  vortex  that  reattached  the 
flow  over  the  inboard  wir.g  area.  Delaying  the  separation  from  the  fuselage  and  inboard 
wing  also  provided  an  improvement  in  stability  characteristics  at  high  lift  coefficients. 
Since  there  was  concern  ever  the  effect  of  Reynolds  number  on  this  phenomenon,  model 
tests  were  run  at  varying  Reynolds  numbers  approaching  those  for  the  full-scale  aircraft. 

Relaxed  Static  Stability/Fly-by-Wire.  Two  major  concepts  integrated  into  the 
YF-16  design  are  the  relaxed  static  stability  (RSS)  aspect  of  control-configured-vehicle 
(CCV)  technology  and  a  fly-oy-wire  (FBW)  flight  control  system,  RSS  wa3  adopted  to 
enhance  the  maneuvering  performance  of  the  aircraft,  and  FEW  was  adopted  to  provide  those 
desired  handling  qualities  necessary  to  exploit  thi  maneuvering  capability  of  the  aircraft 
The  current  state  of  the  art  relative  to  flight  control  system  designs  incorporating  high 
reliability  design  feacures  and  redundancy  has  permitted  the  integration  of  the  two  major 
concepts  in  today’s  aircraft  designs. 

In  order  to  minimize  the  maneuvering  trim  drag,  the  aircraft  was  balanced  so  that  the 
desired  maneuvering  performance  is  achieved  supersonically.  This  approach  to  aircraft 
balance  r«.-jlts  in  an  aircraft  tha^  exhibits  a  longitudinal  instability  (negative  static 
margin)  at  low  Cj_'s  in  subsonic  flight  of  6  percent  MAC  for  the  combat  configuration, 
extending  as  high  as  10  percent  for  large  external  store  configurations.  The  aircraft 
balance,  horizontal  tail  trim  requirements,  and  the  resulting  effect  cn  the  trimmed  drag 
polar  are  shown  in  Figure  9.  The  resulting  effect  on  performance  and  weight  is  shewn  Ir. 
Figure  10. 

The  amount  of  allowable  instability  at  subsonic  speeds  is  governed  by  the  amount  of 
control  power  required  to  maintain  fully  controllable  flight,  including  gust  effects,  for 
all  possible  flight  conditions.  Other  major  considerations  encompass  short-period 
dynamics,  aerodynamic  and  inertial  coupling,  dynanic  directional  stability,  and  latercl 
control-alone  diverger.ee. 

A  major  benefit  resulting  from  the  adoption  of  relaxed  static  stability  at  subsonic 
speeds  is  the  attendant  reduction  in  static  margin  at  supersonic  speeds.  The  reduction 
in  supersonic  static  margin  results  in  the  aircraft  having  the  capability  to  maneuver  at 
supersonic  speeds  to  its  design  load  factor  without  being  limited  by  longitudinal  control 
power. 

The  acceptance  of  the  total  FBW  flight  control  system  for  aircraft  today  provides  the 
tool  through  which  the  necessary  aircraft  flying  qualities  can  be  achieved  to  utilize  the 
advances  in  aircraft  aerodynamics  and  propulsion  systems.  The  aircraft's  flight  control 
has  no  mechanical  connection  between  the  pilot  control  and  the  control  surfaces.  Pilot 
commands  are  made  through  a  side-stick  controller  in  the  form  of  force  inputs  to  command 


a  blend  of  normal  accelerat ic>  and  pitch  rate  longitudinally  and  roll-rate  laterally. 
Directional  commands  are  made  t!' -cu.gh  lo  ce  inputs  at  the  rudder  pedals. 


2-7 


All  of  the  electronic  components  in  the  u, stem  are  quaorupally  redundant,  including  the 
power  supplies.  A  backup  power  sourn  •'  is  provided  through  batteries.  A  built-in-test 
capability  is  provided  to  check  'he  te'.  J  system  prior  to  flight.  The  wiring  between 
various  components  of  the  system  ;irs  been  separated  to  reduce  vulnerability.  Many  of 
the  system's  design  features  have  beno  adopted  from  the  various  technology  programs 
sponsored  by  the  Air  Force  and  NASA. 

Functional  implementation  of  the  flight  centre',  system  to  achieve  desired  flying  qualities 
has  been  enhanced  through  F8W  technology.  'Fie  i«e;u.’Me  conflict  between  associated 
mechanical  and  electronic  implementation  has  been  eliminated.  Tne  designer  is  now  able 
to  shape  electronically  the  desired  pilot  feel  and  aircraft  response.  Although  the 
normal  basic  mechanical  linkage  has  been  eliminated  from  the  aircraft,  no  major  reductions 
in  system  weight  has  been  achieved  because  of  additional  design  requirements  in  the  inter¬ 
facing  systems  such  as  the  hydraulic  and  electrics  syjtw  .  gawever,  one  major  benefit 
that  materialized  to  reduce  weight  was  the  simplification  -A'  Sasic  aircraft  structure, 
i.e.,  bulkheads,  frames,  etc  ,  that  normally  have  to  be  comp/ acise.d  to  support,  permit 
passage  through,  etc.,  the  mechanical  linkage. 

Bottom  inlet  Location.  The  inlet  location  was  .perifical ly  selected  to  meet 
the  high-maneuver-performance  requirements.  The  aft  position  was  selected  to  take 
advantage  of  the  shielding  provided  by  the  fuselage  forebody,  tr.  provide  a  good  area 
distribution,  and  to  avoid  excessive  weight  penalty  in  inlet  duct  lonpt/..  Considerable 
effort  was  expended  to  wind  tunnel  testing  to  assure  that  flow  conditior._.  'Vie  satis¬ 
factory  and  that  low  distortion  and  turbulence  were  present  at  the  compressor  race. 
Particular  attention  was  paid  to  diverting  the  boundary  layer.  A  0.15-scale  inlet  model 
was  used  in  the  testing,  conducted  in  both  General  Dynamics  and  NASA  wind  tunnels.  The 
model  was  instrumerted  with  a  40-probe  high-response  rake  to  obtain  distortion  data  for 
use  by  the  engine  manufacturer  in  assessing  the  i.ue;  performance  relative  to  engine 
stall  tolerance. 

The  normal-shock  design,  selected  specifically  for  simplicity  and  low  cost,  represents  a 
compromise  to  the  tnaxinmm  speed  performance-  It  is,  however,  completely  in  consonance 
with  the  requirement  for  the  aircraft  to  achieve  maximum  performance  in  the  combat  regime. 
The  inlet  design  features  are  shown  in  Figure  11. 

Foreign  object  damage  (FOD)  was  also  considered  in  the  design.  The  nose  gear  was  located 
aft  of  the  inlet  with  the  lip  1.2  equivalent  diameters  above  the  ground  to  avoid  inges¬ 
tion  of  ground  debris. 

The  fixed -geometry  design  incorporated  on  the  prototypes  is  calculated  to  be  400  pounds 
lighter  than  a  complete  variable-geometry  inlet  designed  for  optimum  performance  over 
the  structural  design  M<-ch/-»ltitude  envelope  of  the  airframe.  The  forward  inlet  struc¬ 
ture  has  been  designed  with  two  production  breaks  to  permit  possible  future  incorporation 
of  inlets  design’d  for  high  Mach  number  performance  and  also,  if  necessary,  to  permit 
flexibility  in  the  test  program..  Several  variations  of  inlet  geometry  and  type  have  been 
investigated,  and  wind  tunnel  testing  has  been  performed  on  several  conf igurations  ranging 
in  concept  from  simple  aerodynamical ly  actuated  two-position  inlets  to  completely  actuated 
variable-geometry  designs. 

Composite  Materials.  Though  composite  structural  materials  have  not  yet  be¬ 
come  competitive  with  metal  structural  from  a  cost  standpoint,  extensive  use  is  made  of 
graphite-epoxy  composites  in  both  the  vertical  and  horizontal  tails.  These  raate"i.als 
were  selected  specifically  in  recognition  of  the  structural  dynamic  and  aemelastie  re¬ 
quirements,  with  approximately  30  percent  weight  saving  being  achieved.  The  alternative 
would  have  be* n  to  increase  the  t/c,  with  an  attendant  drag  penally  in  the  transonic  and 
supersonic  r>~ions.  It  is  expected  that  as  more  wide-spread  useage  is  made  of  these 
materials  the  cost  will  become  competitive  with  comparable  metal  structures. 

B.  Improved  Pilot  Effectiveness  Design  Features 

In  recognition  of  the  human  factors  aspects  associated  with  the  unusually  high 
maneuver  potential  of  the  YF-16  aircraft,  several  somewhat  unconventional  design  features 
have  been  incorpo fated  in  the  cockpit  design  to  improve  the  man-machine  interface.  Since 
these  features  of  the  design  (shown  in  Figure  12)  nave  no  particular  implication  relative 
to  cost,  they  will  not  be  discussed  in  detail,  but  they  do  affect  '.he  basic  design  and 
configuration  of  the  total  airframe  and  systems  and  are  worthy  of  mention. 


33-degree  Seat-Back  Angle.  So  that  the  pilot  "g  1  tolerance  would  be  increased, 
the  seat-back  angle  was  increased  to  30  degrees  from  the  usual  13  degrees?  and  the  heel  line 


was  raised.  It  has  not  been  quantitatively  proved  that  this  configured  will  appreci¬ 
ably  ijpprc -^e  the  tolerable  sustained  "g"  limits,  but  this  seat  geometry  pe.  -*  s  easier 
aft  viewing  and  it  is  believed  will  aid  in  tracking  in  the  high-"g"  environment.  The 
structural  arrangement  of  the  prototype  aircraft  will  permit  testing  alternate  seat-back 
angles  if  desired. 

Side-Stick  Controller.  Along  with  the  revised  seat  geometry,  a  side-stick 
controller  has  been  provided  with  appropriate  arm  rest,  which  will  assist  in  executing 
more  precise  combat  maneuvers.  This  type  of  installation  was  made  possible  by  incorpo¬ 
ration  of  the  fly-by-wire  control  sys  "cm  discussed  previously.  If  desired,  relocation 
of  the  control  stick  to  a  center  location  for  test  can  be  simply  accomplished  because 
of  the  fly-by-wire  technology. 

Bubble  Canopy.  The  clear-  -lew-forward  bubble  canopy  permits  unobstructed 
forward  and  up  vision  in  the  most  tan',  vision  area.  Good  vision  is  also  provided 

over  the  side  and  to  the  rear.  A  significant  supersonic  drag  penalty  is  associated  with 
the  aft  vision,  but  this  compromise  to  performance  is  considered  essential  if  the  pilot 
is  to  operate  at  maximum  efficiency.  In  view  of  these  somewhat  unconventional  design 
features,  a  crew  escape  system  sled  test  program  is  being  run  to  prove  their  adequacy 
prior  to  flight.  Also,  special  consideration  was  given  to  th  canopy  latch  system  be¬ 
cause  of  the  elimination  of  a  forward  fixed  windshield.  A  set  of  safety  latchs  is  pro¬ 
vided  that  is  capable  of  withstanding  the  total  imposed  1, ads  with  both  the  normal  and 
safety  latch  systems. 

C .  Low-Cost  Design  Features 

In  addition  to  the  application  of  advanced  technology  directed  specifically 
to  achieve  small  size  and  overall  design  simplicity,  a  number  of  features  (listed  pre¬ 
viously)  have  been  incorporated  into  the  YF-16  specifically  to  reduce  cost. 

Single  engine.  The  single-engine  design  was  chosen  after  study  of  both 
single-  and  twin-engine  configurations.  In  recognition  of  the  questions  surrounding  the 
safety  aspects  of  s i ngle -versus - twin-engine  desig-  s,  an  extensive  review  of  accident  and 
aircraft  loss  statistics  was  conducted.  This  study  did  not  conclusively  indicate  a 
Significant  difference  in  the  two  choices,  and  the  single  engine  design  was  s.lected  on 
the  basis  of  an  approximately  IS  percent  lower  design  gross  weight,  simplicity,  and  lower 
cost.  Controls,  instruments,  and  other  installation  provisions  are,  of  course,  also  one 
half  that  required  for  a  twin-engine  configuration.  The  fact  that  the  F-100  engine  is 
also  used  in  the  F-15  was  an  important  factor  in  that  all  logistic  support  for  the  engine 
would  be  available  in  the  Air  Force  inventory. 

Normal -Shock  Inlet.  As  mentioned  previously  in  the  discussion  on  high- 
maneuver  performance,  the  normal -shock  design  of  the  inlet  was  selected  specifically  for 
simplicity  and  low  cost.  If,  however,  a  variable-geometry  inlet  us  desired  for  future 
growth,  the  design  (production  breaks)  will  easily  accommodate  such  a  change. 

System  Simplification.  r.xisting  system  configurations  were  used  where  new 
technology  was  hol  equired  or  where  only  marginal  benefits  would  accrue  by  use  of  new 
design  concepts.  This  approach  permitted  the  use  of  a  large  number  of  existing,  fully 
developed  components  or  only  slightly  modified  components  used  on  other  aircraft.  In 
adlition  to  the  initial  procurement  ssving,  use  can  be  made  cf  existing  spares, 

repair  to^ls ,  and  data  a1 ready  in  the  Air  Force  inventory.  A  specific  cost  saving  has 
not  been  established  fo.'  adopting  this  concept,  however,  it  is  obvious  that  the  ultimate 
saving  in  total  life-cycle  cost  would  be  very  significant  should  the  airplane  be  procured 
for  the  Air  Force  inventory.  It  is  also  obvious  that  seme  penalty  is  associated  with  this 
design  concept;  ft  it.  not  apparent,  however,  that  the  overall  configuration  has  in  any  way 
been  compromised, 

Multiple-Part  Useage,  Standardization,  and  Materials  Selection.  In  order  to 
misimize  tooling  and  reduce  cost,  a  number  of  components  in  the  airplane  have  been  de¬ 
signed  for  multiple  use,  as  shown  in  Figure  13.  These  include  the  Horizontal  tail,  which 
may  he  used  on  either  the  left-  or  right-hana  side;  the  wing  trailing  edge  was  modified 
slightly  from  the  theoretical  contour  so  that  the  flaperons  are  flat  straight  wedges  that 
ror.y  be  used  on  either  the  left  or  right  side  of  the  airplane;  80  percent  of  the  landing 
gear  parts,  used  on  either  the  left-  or  right-hand  main  landing  gear;  a  single  electro- 
hydrsulic  flight  control  sen  used  in  five  places  for  actuation  of  the  two  flaperons, 
horizontal  tail,  and  the  rudder;  a  .single  hydraulic  valve,  used  on  all  five  control 
sur^hv  as;  hydraulic  rams  for  surface  actuation,  identical  for  the  flaperons  and  horizontal 
tail;  the  leading-edge  drive  system,  employing  four  rotary  actuators  per  side  and  requir¬ 
ing  rvc.  different  actuator  assemblies.  In  addition  to  these  more  significant  items, 

a  l.crga  au,  r cr  of  smaller  detail  parts  have  been  designed  for  multiple  useage. 
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In  addition  to  the  airplane  peculiar  parts  mentioned  above,  the  number  of  different 
types  and  kinds  of  standard  parts  were  considerably  restricted  (Figure  13).  A  special 
standards  nook,  containing  a  minimum  number  of  selected  standard  parts  having  the  most 
universal  application  and  lew  cost,  was  provided  to  the  designers.  A  typical  example 
is  the  rev jetion  in  the  number  of  fastener  types  used.  The  YF-16  uses  55  as  compared  to 
232  on  the  F-lll. 

A  somewhat  similar  approach  was  taken  on  the  use  of  raw  materials.  A  separate  restrict¬ 
ed  list  wac  provided  to  the  designers,  and  the  application  of  low-cost  materials  was 
encouraged.  In  the  case  of  the  structural  design,  the  principal  material  used  is 
aluminum  (Figure  13). 

5.  PROTOTYPE  PROGRAM 

In  conclusion,  a  few  comments  on  the  conduct  of  the  prototype  program  for  the 
YF-16  seem  appropriate. 

The  extensive  effort  put  forth  in  the  preliminary  design  phase  of  the  program 
has  had  a  very  beneficial  effect  of  the  subsequent  design,  tooling,  and  manufacturing 
phases  of  the  prototype  program.  Only  a  small  number  of  refinement  changes  have  been 
required,  and  the  airplane  has  been  produced  with  only  minor  variation  from  the  proposal 
design.  The  wind  tunnel  program  conducted  after  authorization  to  proceed  htis  been  a 
data-gathering  process  for  the  generation  cc  c  sign  nf'Tr  ioo,  and  it  h.,.  not  been 
necessary  to  test  a  large  number  of  confi  ^ur.'t  i ■'r*.s  -o  r 'solve  problems  o.  to  achieve 
additional  optimization.  The  schedule  a.:d  cost  -ludget ,  .ave  been  rigorously  adhered  to. 

As  was  noted  earlier,  a  simple  systems  approach  has  permitted  extensive  use  of 
off-the-shelf  fully  qualified  components.  Of  the  432  purchased  components  used  in  the 
airplane,  332  aie  used  as  is  or  with  only  minor  modification.  This  has  appreciably  re¬ 
duced  the  test  program,  has  resulted  in  ready  availability  of  parts,  and  will  produce  a 
high  degree  of  reliability  in  the  flight  test  program. 

As  mentioned  earlier,  there  were  no  specific  detail  specification  requirements, 
and  the  design  responsibility  was  placed  with  the  contractor.  In  actual  fact,  the 
airplane  is  being  produced  essentially  to  the  usual  military  specifications  with  de¬ 
partures  only  ss  necessary  and  when  goo.;  engineering  judgement  so  dictates.  The  Air 
Force  monitoring  of  the  program,  while  informal,  has  beers  complete  and  thorough.  The 
Air  Fctc  has  been  provided  all  contractual  generated  data  at  their  specific  request. 

In  eacu  case  where  significant  departure  has  been  maie  from  usual  requirements,  the  Air 
Force  "reject  Office  was  advised  and,  oven  though  they  -•’re  not  required  to  formally 
rpprove,  agreement  was  sought.  These  procedures  have  obviously  expedited  the  progran, 
minimized  the  cost,  and  been  a  major  contribution  to  the  rapid  progress  (with  minimum 
problems)  evident  today. 


Figure  1  General  Arrangement  YF-16 


Figure  2  Prototype  Versatility 


Winf/Forttodr 


•  78  SIGNIFICANT  VARIATIONS  *M*.2-2.2  *a=28°  •£  =  12° 


Figure  3  LWF  Force  Models  Tested 


ADVANCED  TECHNOLOGY  -  DESIGN  INNOVATIONS 


•  INTEGRATED  APPLICATION  OF  VERY  LATEST  FIGHTER  TECHNOLOGY 

•  Equivalent  to  a  2200  lb  Reduction  in  Mission  Wt. 

•  Increases  Maximum  Usable  lift 

•  Eliminates  all  Flow  Anomalies  at  High  Angles-of-AttacK 

•  Maneuver  to  Aerodynamic  (Lift)  or  Load  Limit 


Figure  4  Advanced  Tecfinology  •  Design  Innovations 


•  INCREASEO  BODY  LIFT 

•  IMPROVED  AREA  DISTRIBUTION  -  SMOOTHER  CROSS-SECTION  AREA  CURVE,  REDUCED 
TRANSONIC  DRAG 

•  BETTER  WETTED  AREA -TO -VOLUME  RATIO 

•  BETTER  VOLUME/FUEL  DISTRIBUTION  -  CONSTANT  C.G. 

•  SHORTER  FUSELAGE  (5.5  ft)  *  320  LBS 


Figure  6  Wing-Body  Blending 


CONTROLLED  VORTEX  LIFT  (FOREBODY  STRAKES) 


•  VORTEX  LIFT  ON  STRAKES 


•  HIGHER  LIFT  PER  UNIT  OF  EXPOSED  WING  AREA 

•  Effective  W IS  -  52  at  M  =  .  9  and  41  at  M  =  1.2  (Geom.  -  60) 

•  Equivalent  Wing  would  Weigh  +490  lbs 

•  GREATLY  IMPROVED  DIRECTIONAL  STABILITY 


•  REDUCES  TRIM  DRAG 

•Straightens  Pitching  Moment  Curve 


Figure?  Controlled  Vortex  Lift  (Forebody  Strakes) 


STRAKES  IMPROVE  USABLE  LIFT 


a-  DEG 


Cm.25c 


LEGEND- 


WITH  STRAKE 
W’THOUT  STRAKE 


Figure  8  Strokes  Improve  Usable  Lift 


INCREASE 
IN  MISSION 
RADIUS  -  % 


CCV  TRIM  AND  MANEUVER  IMPROVEMENTS 


Figure  9  CCV  Trim  and  /Maneuver  Improvements 


CCV  PERFORMANCE  IMPROVEMENT 


STATIC  MARGIN  -  %  MAC 


Figure  10  CCV  Performance  Improvement 
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•  tower  Initial  Cost 

•  Lower  Logistic/Support  Cost 

( 

ourro  l.e.  y. 

FLA P  ACTUATORS^ 

IN8'D  L.E.  y 

FLAP  ACTUATORS 


FLAPERON 


MLG  80%  INTERCHANGEABLE 


_  Y-* 

ft  V 


HORIZONTAL  TAiL 


.  4  COMMON  ACTUATORS 

L-  5  COMMON 
„  SFRVO-DAMFERS 


432  COMPONENTS  { 

•  254  Other  A/C  Identical 

•  78  Other  A/C  Modified 


[Tasteners 


•  Limited  Number  of  Types: 

52  (All  Standard)  as  Compared 
to  250  on  F*ill,  and  150  )n  F-15 


MATERIALS  j 

•  Aluminum . 80. 1% 

•  Steel . 4.0% 

•  Titanium  . 3.7% 

•  Composite . 3.4% 

•  Other . 8.8% 

Limited  Number  of  Types: 


Figure  13  Configure/Design  for  Cost 


ECONOMIC  ASPECTS  OF  PROTOTYPING 


by 
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Advanced  Product  Planning 
Messerschmitt- Bdikcw-Blohm  GmbH 
D-8  M (Lichen  80 
Pcstfach  80  1 1  6C 
Germany 


INTRODUCTION 

The  R  &  D  process  exhibits  features  of  uncertainty  in  many  of  its  phases.  Government  per¬ 
sonnel  draw  up  specifications  in  great  detail  and  contractors  try  to  respond  in  even  more  voluminous 
detail,  to  demonstrate  (cr.  paper)  their  capabilities  to  meet  them.  (The  three  competitors  for  the  C- 
5A  contract,  for  example,  submitted  a  total  of  2-10.000  pages  of  basic  documents.  ) 

The  flood  of  paperwork  continues  through  the  entire  acquisition  process  as  long  as  the  hope¬ 
less  struggle  ol  giving  a  final  estimate  on  cost  lingers  c-n.  Early  prototyping  appears  to  be  an  econo¬ 
mic  development  concept  to  reduce  the  inherent  risk  in  the  transition  of  design  advancements  into  ope¬ 
rational  hardware.  The  simplicity  of  th:a  method  car.  bring  substantial  weapon  system  cost  saving 
and  could  help  to  keep  good  design  teams  together  in  times  of  few  acquisition  programs. 

This  paper  attempts  to  analyse  the  cost  aspects  and  schedule  implications  of  a  prototype  de¬ 
velopment  concept  in  comparison  with  present  day  development  philosophies. 

TIMESCALE 

RDT  It  E  or  total  syatem  development  programs  begin  with  s  conceptual  phase.  Contractors 
introduce  their  design  concepts  for  a  weapon  system,  their  tvay  of  responding  to  the  performance  re¬ 
quirements  of  an  RFP.  The  submittal  of  a  proposal  for  design,  manufacture  and  evaluation,  as  well 
as  prices  and  operating  cost  usually  terminates  competition,  ct  least  in  Europe  (fig.  1). 

The  pacing  item  for  first  flight  is  normally  the  availability  of  an  advanced  engine,  its  pro¬ 
gram  has  to  be  launched  in  parallel. 

If  the  program  behaves  in  a  way  which  one  might  tail  "good  natured”.  the  evaluation  and  de¬ 
monstration  ol  required  weapon  system  performance  of  a.  -frame,  engine,  avionics,  armament  etc. 
will  proceed  according  to  plan.  An  operationally  sound  aircraft  would  be  expected  7  to  8  years  alter 
initial  go-ahead.  But  there  is  the  "if”;  the  unforeseeable  can  jeopardise  the  whole  system  of  pro¬ 
gram  milestones,  set  to  interlock  like  gears.  History  is  full  of  examples. 


Fig.  1  Total  System  Development  Program  Fig.  2  Prototype  Development  Program 

The  prototype  concept  (fig.  2)  is  ;u,„i sr  to  the  experimental  production  concept  used  in  the 
L'S  until  the  195G’ s  and  becoming  more  attractive  again  for  newer  projects  (AX,  Light  Weight  Figh¬ 
ter,  Mirage-family,  technology  prototypes).  The  customer  gives  contractors  only  a  rough  outline 
of  the  kind  of  weapon  system  required,  leaving  the  detail  to  the  designer.  An  RFP  couid  be  as  short 
as  two  pages.  Hardware  powered  by  an  available  engine  is  put  into  the  air  as  early  as  possible. 
Program  relevant  and  critical  characteristics  can  be  tested  and  evaluated  in  a  realistic  environment 
(flight  testing).  Adequate  time  is  left  for  the  development  of  advanced  avionics  and  engines  and  their 
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eventual  modification  of  requirements  due  to  the  findings  of  early  flight  testing.  The  prototypes 
could  serve  as  flying  testbeds.  Decision  for  further  approval  will  be  oased  on  hardware  experience 
not  on  paper  analysis.  A  pessimistic  estimate  of  this  concept  delays  the  1.0,  D.  (initial  operational 
delivery)  date  by  12-15  months. 

COST 


The  cost  of  total  system  development  programs  is  difficult  to  analyse.  Prices  tagged  on 
such  a  program  must  be  estimated  and  negotiated  from  Contract  Definition  Phase  information  Only. 

Cost  for  a  production  aircraft  development  program  based  on  the  prototype  program  will 
be  more  realistic  and  reliable,  most  of  the  estimates  will  be  based  on  hardware  experience. 

But  what  is  the  extra  cost  oi  monetary  risk  irr.provemeni9  la  it  too  much  in  relation  to  the 
cost  of  programs  which  do  without  those  precautions,  considering  that  a  successful  prototype  still 
requires  full  operational  development,  utilising  another  4  prototypes? 

Fig.  3  through  6  outline  the  major  differences  of  activities  and  cost,  identifying  what  it 
entails  to  design  "Skunk  work"  (or  "knife  and  fork")  prototypes. 

engineering  applies  less  refined  analysis  methods,  aircraft  are  manufactured  from  red 
line  for  preliminary)  drawings,  system  analysis  is  shifted  to  a  later  phase,  engineering  work  is 
transferred  to  special  prototype  shop  organisations,  taken  out  of  company  overheads.  Column 
2  of  fig.  3  indicates  the  reduction  potential,  but  54  5*  of  the  total  engineering  effort  planned  is 
still  required,  not  considering  production  engineering. 
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Fig.  3  Initial  Engineering 


Fig.  4  Prototype  Ground  Testing 


Analysis  of  required  ground  testing  applies  to  four  groups  of  the  various  test  areas 
Basic  fast,  necessary  for  the  functional  integrity  and  verification  of  basic  analysis  (for 
example: low  speed  and  high  speed  wind  tunnel  tests  with  a  complete  model  to  verify  ba¬ 
sic  aerodynamic  characteristics,  particularly  stability  and  control  derivatives) 

Go-no-go  tests  (e.  g.  lancing  gear  drop  tests,  thrust  reverser  re-ingestion  tests) 

Performance  vt  ftficatien  tests  (e.  g.  half  model  high  speed  test  to  verify  usable  lift  boundaries, 
load  distribution  tests) 

Refinement  tests  (e.  g.  auxiliary-  intake  test  to  improve  intake  distortion). 


Fig.  5  Prototype  Tooling.  F5g.  6  F,ight  Tcs{. 

Manufacturing  I.-  Support 


3-3 


AH  basic  tests  are  retained  for  the  prototype  approach  or  only  reduced  m  scope.  Go-no -go  and 
performance  verification  testing  are  either  eliminated  (most  of  fatigue  test)  or  retained  in  total  (thrust 
reverser  re-ingestion)  according  to  their  criticality  to  the  prototype  program  and/or  the  following  pro¬ 
duction.  Thus  a  reduction  of  cost  down  to  1 1  %  is  achievable,  although  many  of  the  eliminated  tests 
will  have  to  be  conducted  later,  if  the  program  continues  as  a  production  order  (fig.  4). 

Soft  tools  for  only  two  prototypes  are  assumed  to  the  extent  possible,  considering  the  metals 
in  the  airframe.  Simpler  and  less  formal  manufacturing  methods  are  applied,  with  weight  penalties 
accepted,  only  off-the-shelf  equipment  and  flight  necessary  avionics  are  used  and  lew  spare  parts  are 
planned  to  maintain  the  flight  program  (fig.  5). 

Roughly  200  hrs  flight  testing  are  required  for  the  essential  "basic"  flight  tests.  All  flights 
devoted  to  testing  of  operational  equipment  and  capabilities  are  disregarded,  thus  only  10  %  of  the  ost 
of  a  full  size  test  3etie«  of  a  total  system  development  program  remain  (fig.  fc). 

Fig.  ~  summarizes  the  inital  cost  for  two  prototypes.  The  achieved  figure  of  27  %  applies 
only  to  a  spe<  ific  program  but  indicates  an  effective  way  of  hardware  acquisition.  The  remaining 
73  is  dev'  ted  to  the  development  of  operational  capabilities  (31,  5  %)  and  to  aircraft  production  in 
quantities  vfig.  8), 


Fig.  7  Summary:  Reduction  of  Initial  Cost  8  Prototyping 

Reduction  Potential 

CASH  FLOW 

The  financial  requirements  of  the  two  philosophies  are  characterized  by  the  relatively  low 
expenditure  at  the  first  assurance  mark  (first  flight)  of  the  prototype  program.  Boll,  curves  of 
fig.  9  represent  almost  ideal  progression  and  the  accumulated  cost  for  the  first  batches  of 
operational  aircraft  should  be  somewhat  leas  in  the  case  of  a  complete  RDT  Si  E  program. 

(Ref.  (1)  indicates  that  the  costs  accrued  at  the  100**1  unit  is  about  the  same  for  both  types  of  plans). 

Major  aircraft  modifications  are  often  required  anc  frequently  necessary  to  incorporate 
changes  resulting  fro’.i  flight  tests.  At  the  :ime  such  changes  are  defined  and  authorised  (or  not,  when 
design  goals  are  sacrificed)  a  defined  quantity  of  production  aircraft  has  already  been  launched  in  the 
manufacturing  process.  Aircraft  modifications  prior  *o  I.  O.  O.  may  cause  an  appreciable  increase  in 
cost.  Delays  of  1  year  (  -  15  5»)  and  m--e  art  not  unusual  and  amount  to  additional  development  work 
(redesign)  of  about  1 1  %  (this  is  an  estimate  for  a  specific  pri  gram) totalling  in  an  increase  of  1C  ft  of 
program  cost  at  the  100**1  unit  over  the  comparable  prototype  plan.  (The  F-15  program  consumed  at 
a  comparable  stage  I.5M  $  per  day  (reference  2)). 

Fig.  10  compares  cost  at  possible  program  termination.  The  motivation  of  cancellation  can 
be  manifold:  changes  in  the  tactical  environment  or  technical  reorientation. 

TECHNICAL  AND  MONETARY  RISK 

The  question  of  "which  plan  offers  the  highest  probability  to  develop  the  most  successful  wea¬ 
pon  system?"  still  remains.  "A  probalistic  approach  to  aeronautical  research  and  development" 
(Reference  3)  attempts  to  quantify  probabilities  of  setbacks,  but  leaves  the  final  answer  to  a  great 
part  to  subjective  elements  such  as  the  degree  of  advancement  or  actual  cost.  Fig.  1 1  indicates  the 
capability  of  predicting  program  goals  at  the  end  of  a  Contract  Definition  Phase.  Engineers  must 
cope  with  20  %  and  more  deviation:  perhaps  these  uncertainties  can  be  removed  by  early  flight  testing. 
(The  simulation  included  only  the  uncertainties  of  airframe  development;  weights,  volumes  and  per¬ 
formances  of  engine  end  avionics  were  assumed  as  fixed  inputs). 

Those  deficiencies  of  course  result  in  simitar  unreliability  of  program  cost  estimates  and 
time  scale  prediction.  Again  the  spread  of  the  cost  estimate  tends  to  be  optimistic,  uncertainties 
of  engine  and  avionics  prices  were  removed  by  using  off-the  shelf  equipment. 
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Fig.  9  Budget  Requirements 


Fig.  10  Accumulated  Cost  at 
Program  Milestones 


Fig.  12  further  indicates  that  the  eventual  additional  cost  of  an  initial  prototype  program  is  well 
within  the  uncertainty  boundaries  of  a  full  scale  program  (*  3  %  at  a  quantity  of  300  A/C).  Ever  re¬ 
dundancy  would  be  justified,  going  through  a  fly-off  competition  and  thus  resulting  in  a  product  of 
improved  technical  quality.  An  initial  prototype  assures  contractors  sufficiently  that  they  could  agree 
to  contract  forms  with  minimum  or  no  risk  to  the  government. 


Fig.  11  Specifications  Uncertainties 


Fig.  12  Confidence  &  Program  Cost 


ORGANISATION 


Future  European  military  development  will  probably  continue  as  multi-national  ventures. 
Most  recent  programs  have  proven  the  feasability  of  multilateral  management  systems.  Fig.  13  des 
cribes  the  management  structure  of  possible  international  collaboration.  A  multi-national  decision 
making  governmental  organisation  with  its  executing  agencies,  which  handle  the  project,  is  "opposed” 
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Fig.  13  Management  Organisation  - 
Total  System  Development 


Fig.  14  Management  Organisation  - 
Prototype  Development 
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by  an  international  contractor  organisation,  which  is  responsible  for  the  design,  development  and  pro¬ 
duction  effort  of  the  various  participating  companies.  An  initial  prototype  program,  on  a  somewhat 
lower  effort  level,  should  function  sufficiently  well,  using  a  "strippcd-down"-version  of  a  highf 
complex  management  structure  (fig,  14),  A  group  of  government  representatives,  one  from  each 
participating  country,  form  an  authorisation  committee  to  approve  required  budgets  and  to  set  up  a 
loose  framework  of  specifications.  A  group  oi  representatives  from  participating  companies  is 
solely  responsible  to  that  committee.  They  head  an  engineering,  test  and  production  pool,  supplied 
by  the  participating  companies  and  operating  by  its  own  economic  regulations.  A  most  effective 
product  (in  terms  of  time,  cost  ar-*  performance)  would  be  achieved,  if  all  activities  could  be  placed 
in  one  location.  A  follow-on  production  development  program  should  of  cou  -se  rtturn  to  the  large 
scale  management  structure. 

SUMMARY 

A  final  answer  to  which  approach  ultimately  is  cheaper  and  yields  the  better  product  can  ;.ot  be 
given.  The  degree  of  advancement  determined  by  engineers,  the  military  situation  and  political  con¬ 
siderations,  related  to  their  subjective  importance  must  lead  to  the  overall  decision.  But  many 
positive  prospects  of  initial  prototyping,  should  attract  decision  making  organisation: 

o  an  advanced  aircraft  would  favour  an  initial  prototype  approach, 

o  the  relative  small  sum  of  money  required  would  even  justify  a  prototype  fly-off-competition, 
o  initial  commitment  at  the  time  of  least  information  would  be  kept  to  a  minimum, 
o  the  cos,  of  the  "hardware"  approach  is  well  within  the  predicting  boundaries  c:  total  program 
cost, 

o  technical  excellency  will  be  improved  to  a  degree  as  competition  and  redundancy  increases, 
o  prototyping  gives  to  the  engineer  the  opportunity  more  often  to  work  hardware  oriented,  thus 
keeping  good  design  teams  together, 

o  m  eventual  delay  of  the  production  program  could  be  reduced  by  moving  the  go-ahead  to  an 
earlier  date  or  by  accelerating  the  production  delivety  schedule  at  a  modest  increment  in 
total  cost. 
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INTRODUCTION  -  The  Need  tor  Creative  Advanced  Design 

Advanced  design  decisions  have  a  very  significant  impact  upon  the  life  cycle  costs  of  aircraft  systems.  The  impact  of 
Advanced  Design  decisions  commences  durin;;  the  detail  design  and  development  phases,  continues  into  the  production  phase  and  becomes  s 
dominant  factor  during  the  operational  hie  of  the  aircraft  system. 

Even  for  a  well  defined  mission  there  are  many  factors  bearing  on  costs  that  must  be  considered  during  the  Advanced  Design 
phase.  Several  of  these  have  been  <e!rc*e^  for  examination- 

e  The  nur”  V";  of  -.ngir.es ;  /  tic  irsed 

•  Sele.tK.fi  "(  equipment  a.  d  symems 

*>  The  simplification  of  de'i^n 

n  The  materials  to  be  used 

•  Ihe  level  of  avionics  sophiS'idii/il 

Ihcsc  Advanced  Design  decision;  c.-rmo!  be  made  solely  from  a  technical  or  cost  standpoint,  but  must  consider  the  opera- 
!..>nai  environment  in  which  the  aircraft  system  will  function  as  well  as  the  demands  of  the  market  place 

There  are  strong  indications  that  the  more  intense  the  Advanced  Design  effort  the  lower  wili  be  the  detailed  design,  manu¬ 
facturing  and  development  costs  as  well  as  life  cycle  ecu's,  Figurt  1.  During  the  Advanced  Design  phase,  it  is  extremely  important  that  the 
critical  wind-tunnel  trc><  be  performed  to  avoid  cosdy  -'.le-rgn  a.  ter  the  det.iiled  design  drawings  have  been  released.  The  contribution  that 
creative  Advanced  C.-v-iti  makes  to  the  develop  r.-ent  ^  f  tff.-enve  aircraft  systems  has  greatly  increased  as  the  result  of  rising  costs.  Errors  in 
judgmci'  art  now  mot,  costly  than  ever  before. 
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INFLUENCE  OF  ADVANCED  DESIGN 


FIGURE  1. 

NUMBER  OF  ENGINES  TO  BE  USED  -  A  Fundamental  Decision 

One  of  Ac  most  important  Advanced  Design  decisions  is  the  number  of  engines  to  be  used  to  meet  a  given  design  require¬ 
ment.  This  determination  is  affected  by  airplane  range,  operating  cost,  and  whether  cxisti .-.3  engines  ate  used  or  new  engines  are  to  be 
developed  to  satisfy  the  requirements.  Before  these  Advanced  Design  judgments  can  be  t  technical  analysis  must  be  completed  to 
determine  the  optimum  number  of  engines  to  best  accomplish  the  design  mission  at  minimum  cost,  assuming  the  availability  of  engines.  In 
the  real  world,  factors  other  than  the  optimum  number  of  engines  to  meet  a  specific  design  '•c.pjirtmtnt  arc  considered.  Flight  safety  is  of 
paramount  importance  even  though  an  accurate  assessment  of  die  cost/benefits  of  increasing  safety  usually  difficult.  Growth  potential  and 
market  characteristics  must  also  nc  factors  in  the  determination  of  the  configuration. 


FIGURE  2. 
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A  recent  Douglas  study  to  determine  the  numlicr  of  engines  that  should  be  used  on  a  new  airplane  to  replace  the  present 
narrow-body  twin  and  tri-jets  in  the  '980  time  period  is  of  interest.  Market  studies  indicate  that  this  aircraft  should  have  a  seating  capacity 
of  200  passengers,  a  design  range  of  2250  nautical  miles  and  ?.  muse  speed  of  u.85  Mach.  Properly  sized  configurations  having  two,  three  and 
four  engines  meeting  this  requirement  were  developed.  Figures  2,  3  and  4.  New  advanced  technology  engines  optimized  for  the  2250- 
nautical-mile  mission  were  used. 

The  characteristics  of  these  three  airplanes  arc  shown  in  Figure  5.  A  market  size  of  250  airplanes  was  used  in  pricing  each 
configuration  The  prices  of  the  all  new  engines  arc  based  on  the  assumption  of  similar  engine  production  quant-  ::s.  The  baseline  twin 
engine  airplane  has  the  lowest  direct  operating  costs,  a  four-engine  airplane  has  3.4  percent  higher  direct  operating  cost  and  a  tri-jet  has 
direct  operating  costs  4  i  percent  higher  than  the  baseline  twin.  These  calculations  assume  that  complete  engine  development  costs  would 
have  to  be  undertaken  for  each  case.  In  this  study  the  twin  engine  design  has  an  engine  size  close  to  an  existing  engine.  The  sj./ng  in  develop¬ 
ment  cc-.ts  reflected  in  a  lower  engine  price  would,  'hcrefc-c,  significantly  lower  the  direct  operating  cost  of  the  twin  even  further  if  the 
existing  engine  were  used. 


COMPARATIVE  CHARACTERISTICS 


ENGINES  NUMBER 

2 

3 

4 

•  TYPE 

NEW 

NEW 

NEW 

♦  SIS  THAUfT,  ENGINE  <tB) 

AS  400 

30.700 

21  B00 

NUMBER  OF  MIXI0  CLASS  PASSENGERS 

200 

20o 

200 

DESIGN  RANGE  <N  Ml) 

2250 

2230 

2250 

CRUISE  MACH  NUMBER 

0  B5 

0  SS 

0BS 

MAXIMUM  TAKEOFF  DISTANCE.  SI  B4'F  <1  T> 

7200 

SSS0 

•550 

WING  AREA  tSQ  FT. 

21SS 

2220 

2270 

MAXIMUM  TAKEOFF  WEIGHT  dB) 

273.300 

277.S00 

267.400 

NOISE 

♦  TAKEOFF  lEPNAB' 

BB  3 

•2  2 

•2  * 

•  SIDELINE  iCPNtfSr 

•4  4 

•4  7 

944 

♦  APPROACH  lEPIWBi 

93  4 

•69 

463 

STUDY  PRICE  1*75  l  MILLION' 

24  B» 

25  4B 

25  2B 

RELATIVE  0-RECT  OPERATING  COST 

0 

.4  2\ 

*3  4\ 

FIGURE  5 


The  impact  of  engine  price  on  the  direct  operating  t  osts  of  these  three  configurations  is  shown  in  Figure  6.  The  engine  price 
increases  from  a  minimum  for  the  twin  engine  configur-non  reaching  a  maximum  for  the  four-engine  configuration  because  the  cost  per 
pound  of  thrust  decreases  with  engine  size. 


REWTIVE 

PERCENT 


DOC  vs  NUMBER  OF  ENGINES 


FIGURE  <■ 


As  the  number  of  engines  increases  from  the  baseline  the  maintenance  costs  also  increase.  1  he  fuel  cost  increases  from  two  to 
three  engines  and  decreases  slightly  for  the  four-engine  case.  If  the  cost  of  fuel  continues  to  rise  this  difference  can  well  occomc  greater.  The 
htghe-r  maintenance  costs  for  airplanes  with  a  larger  numlicr  of  engines  reflect  the  increased  complexity.  Also  the  probability  of  cngtnc  failure 
is  greaser  as  the  number  of  engines  increases.  This  is  not  to  sa>  that  auplancs  with  multiple  engines  are  lev  safe,  only  that  th<-  probability  of  a 
shutdown  of  a  siug/c  engine  is  greater  as  the  number  of  engines  increases. 
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f;c-ure  7. 


Figure  7  shows  the  direct  and  life  cycle  costs  for  2-,  3-  and  4-engine  airplanes.  It  should  not  be  assumed  solely  from  the  life 
cycle  costs  that  the  two-engine  configuration  is  the  proper  one  'o  replace  the  narrow-body  twin  and  tri-jets.  Other  factors  must  he  considered 
during  Advanced  Design,  such  3s  engine  availability,  averaft  market  sue,  range  and  the  development  of  derivative  aircraft.  It  may  be  more 
desirable  to  '-se  engines  developed  from  those  now  being  used  on  the  wide-bodv  jets  rather  than  commencing  a  new  engine  development 
program  just  to  satisfy  this  requirement  Figure  8  clearly  illustrates  the  influence  of  market  size  or;  engine  costs.  An  increase  in  engine  market 
size  due  to  using  an  available  engine  can  have  a  significant  influence  upon  both  the  direct  and  life  cvcle  airplane  costs. 


INFLUENCE  OF  ENGINE  SIZE  AND  MARKET  ON  COST 

1975  DOLLARS 

» 

v  1  ' 

S/LB  THRUST 

2000  ENGINES  f 

isjosiigiNtj— /  '  j  ! 

20 

‘  l 

; 

. .  i  .-  ...  ,  i 

0  30  40  !>0  60  70  »0 

TAXEOFf  THRUST  lid  ■  1000) 

FIGURE  8. 


Present  U.S.  civil  rcgula'ions  rest-ict  two-enginr  aircuft  from  making  long  overwater  flights  Thus  three-  and  fou. -engine  air¬ 
craft  enjoy  greatci  utilization  due  to  their  greater  range  flexibility. 

In  striving  for  reduced  life  cycle  costs.  Advanced  Design  mus,  *'>«  sight  of  the  possibility  of  developing  derivative  air¬ 
planes,  for  example,  adding  or  removing  an  engine,  or  more  commonly  stretching  the  fuselage  length.  These  airplanes  arc  usually  the  most 
successful,  not  only  from  a  life  cycle  cost  standpoint  but  also  from  a  sales  standpoint 

SELECTION  OF  MATURE  EQUIPMENT  AND  SYSTEMS  -  An  Element  of  Reduced  Life  Cycle  Cost 

The  airlines  arc  increasingly  concerned  about  productivity  and  lower  unit  operating  ct  st-.  Expressed  in  different  terms  both 
the  military  and  the  commercial  airlines  require  lower  life  cycle  costs. 

One  way  of  meeting  the  challenge  of  lower  life  cycle  costs  is  by  recognizing  the  fact  that  successful  airplanes  use  mat  j;c 
equipment  and  systems.  Maturity  can  be  defined  as  being  fully  developed  or  perfected.  In  engineering  terms,  maturity  can  be  translated  to 
mean  such  things  as 
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•  Debugs  J  and  service  proven 

•  Accepted  and  understood  by  maintenance  personnel 

•  Achieved  successful  levels  of  performance,  reliability  jnd  safety 

•  Competitive;  not  outdated  or  obsolete. 

The  use  of  nutuie  equipment  and  systems  with  their  high  degree  of  reliability  reduces  dcvclopm-or  costs  for  the  manu¬ 
facturer  and  also  maintenance  costs  for  the  operator 

On  the  maintenance  side  it  has  been  estimated  that  between  20  and  2>  percent  of  all  failures  arc  caused  by  maintenance 
actions  incorrectly  performed  on  the  flight  line  or  in  repair  facilities.  This  factor  combined  with  the  less  frequent  failure  and  lower  main¬ 
tenance  required  by  mature  equipment  and  systems  dl  significantly  reduce  life  cycle  costs. 

STRUCTURAL  SIMPLIFICATION  -  Reduces  Life  Cycle  Costs 

The  complexity  of  the  aircraft  structural  system  can  be  reduced.  Today's  aircraft  consist  of  a  myriad  of  indivduil  pans, 
much  riveting  and  large  numbers  of  costly  machined  pans.  Figure  9.  Emphasis  on  reducing  the  numlier  of  pairs  may  reduce  life  cycle  costs. 
A  recent  Douglas  Aircraft  Company  study  of  possible  gams  in  structural  simplification  is  of  .merest.  Figure  10.  A  comparison  was  made 
using  a  typical  fuselage  section  i/icorporattrg  current  wide-body  aircraft  structural  technology  as  a  baseline.  Three  increasingly  more  radical 
methods  of  reducing  the  numbers  of  pans  were  studied; 

•  3ody  Longeron  Reduction 

•  Flattened  Longerons 

•  Isogrid  Panels 

.sjo;  ~~ 


FIGURE  10. 
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The  use  of  a  reduced  number  of  longerons  and  of  flattened  longerons  reduied  the  number  of  components  by  about  1?  per¬ 
cent  and  24  percent,  respectively.  Both  concepts  reduce  the  weight  by  about  8  percent.  A  reduced  number  of  parts  yields  a  saving  in  fabrica¬ 
tion  and  assembly,  as  well  as  in  maintenance  costs. 

The  use  of  a  new  structural  technology  concept  called  “isogrid  panels,”  Figure  i  i.  resulted  >n  a  radical  reduction  in  parts,  and 
an  1 1-percent  reduction  in  fuselage  weight  Isogrid  panels  have  already  been  used  successfully  in  space  vehicles.  It  is  particularly  attractive 
since  all  members  resist  all  loads  and  the  shell  is  the  entire  structure  with  the  members  forming  integral  longerons  and  frames.  The  use  of  this 
concept  markedly  reduces  the  fuselage  wall  thickness  as  well  ns  the  overall  fuselage  diameter  for  the  same  inside  volume  and  width.  The 
result  is  a  reduction  of  both  weight  and  drag 


FIGURE  11,  8-FOOT  DIAMETER  ISOGRID  STRUCTURE 


High  tolerance  isogrid  structures  arc  machined  on  numcricallv  controlled  equipment,  and  are  readily  formed  to  the  desired 
curvature  by  brake  forming  and  shot  pcenmg  Expensive  jigs  are  not  required.  'vhcse  factors  combined  with  reduced  manual  fitting  require¬ 
ments  appreciably  reduce  manufacturing  costs. 

MATERIAL  SELECTION  -  A  Potential  for  Reduced  Lite  Cycle  Costs 

The  life  cycle  costs  can  be  significantly  reduced  if  the  structural  weight  r>n  be  reduced  withour  jeopardizing  cithr '  reliability 
or  maintainability.  This  can  be  best  achieved  by  using  the  material  which  yields  the  lies;  combination  of  flic  lightest  structure  am  .  ic  lowest 
cost  after  the  design  has  satisfied  ail  requirements  of  strength,  stifmess,  fatigue  life,  fracture  toughness,  and  corrosion  resistance. 

This  philosophy  has  always  been  used  in  evaluating  the  most  desirable  aluminum  alloy  for  each  portion  of  an  aircraft.  In 
limited  areas  of  high  stress  or  high  temperature,  high-strength  steel  or  titanium  has  proved  best  in  spitr  of  the  higher  cost  per  pound. 

In  recent  years  the  use  o*  composite  material*  involving  graphite  or  boron  fibers  of  great  strength  imbedded  in  an  epoxy  or 
aluminum  matrix  ha'  t>een  much  explored  The  ratio  of  strength  to  densitv  is  much-  grearer  for  these  materials  than  for  any  of  the  standard 
metals 


FIGURE  12, 
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A  weight  comparison  of  aircraft  structural  materials  is  shown  in  Figure  1 2.  While  important  weight  saving  can  be  obtained 
using  advanced  metal  alloys,  composites  show  the  greatest  potential  for  significant  weight  saving  for  future  aircraft  designs. 

The  cost  to  obtain  the  reduced  weight  must  be  known  if  minimum  life  cycle  costs  ate  to  be  obtained.  Composites  with  com¬ 
ponent  weight  saving  as  high  as  50  percent  can  reduce  an  airplane’s  empty  weight  by  as  much  as  15  percent.  Although  fabrication  eos.s  of 
components  made  from  composite  materials  may  eventually  be  less  than  those  for  metal,  this  cost  saving  may  be  more  than  offset  by 
material  costs  Thus,  weight  saving,  fabrication  costs  and  material  casts  must  be  b  danced  to  determine  the  optimum  amount  composite 
material  to  be  used.  Based  on  Douglas  studies  the  iclative  importance  of  weight  and  composite  material  cost  and  composite  t-‘  »cation  costs 
arc  shown  in  Figure  13. 


The  producers  of  advanced  fibers  have  nude  public  predictions  regarding  impressive  inductions  in  the  cost  forecast  for  ‘prc- 
preg"  tape  As  the  use  of  this  product  is  increased  the  cost  is  expected  to  drop  rapid!) .  The  various  in-sen  ice  demonstration  programs  wall  do 
much  to  determine  the  reliability  and  maintainability  of  these  materials  Ihese  programs  arc.  among  others,  the  1-4  rudder,  C-5  leading  edge 
flap,  F-l  1 1  wing  trailing  edge  panels,  and  the  C-Ki  landing  gear  doors.  None -j  these  test  applications  has  shown  am  deficiency  in  applica¬ 
tion  To  date,  the  production  use  of  composites  for  the  empennage  box  structure  on  the  F-14  and  F-l  5  has  presented  no  unusual  problems. 
From  this  experience  it  can  be  concluded  that  many  other  components  couid  be  nude  from  composite  matcriais  to  save  both  cost  and 
weight. 

The  comparison  of  a  wing  box  utilizing  aluminum  for  the  primary  snuctural  components  with  two  wing  box  configurations 
incorporating  composites  is  of  interest.  Figure  14.  The  anticipated  neji-  term  statr-ot-technology  concepts  general!)  tesembie  conventional 
structural  arrangements.  The  detail;  will,  howeser,  be  quite  different  in  older  tc  fully  exploit  the  properties  of  composite  materials.  Further 
developments  in  the  statc-of-compositc  technology  will  permit  more  freedom  of  design  and  lead  to  significant  departures  from  conventional 
structural  configurations  The  development  of  these  more  radical  concepts  promise-,  substantial  advantages  over  the  more  conventional  con¬ 
figurations 


FIGURE  14. 
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The  chief  problem  in  introducing  composite  materials  into  primary  aircraft  structure  lits  in  the  need  to  prove  its  reliability 
and  maintainability.  The  basic  characteristics  of  composite  stiuctures  in  day  to  day  airline  service  with  full  exposure  to  the  atmosphere, 
acoustic  loads  and  normal  operating  loads  must  be  established  before  extras' ve  use  of  composites  can  be  expected.  A  deficiency  in  the  relia¬ 
bility  of  such  structures  would  quickly  eradicate  the  anticipated  economic  gains  due  to  weight  reduction. 

It  is  an  Advanced  Design  challenge  of  the  first  order  to  detcimine  th'-  proportion  of  composites  to  be  used  to  maximize 
weight  saving  while  minimizing  technological  risks  md  life  cycle  costs  for  future  aircraft.  The  risks  involved  when  introducing  the  new 
structural  material  ?<c  so  large  that  they  must  oe  carefully  evaluated  against  th-  potential  gain.  Such  efforts  arc  fundamental  to  creative 
advanced  design. 

ADVANCED  INTERCONTINENTAL  AIRCRAFT  -  Illustrates  Benefits  of  Advanced  Composites 

A  recent  Advanced  Design  study  of  a  large  600-passenger  Mach  0.95  intercontinental  airplane  will  serve  as  an  interesting 
example  of  the  potential  reduction  in  life  cycle  costs  that  advanced  structural  technology  can  provide.  The  most  efficient  interior  configura¬ 
tion  with  the  large  number  of  passengers  involved.  600,  rcsul-ed  in  the  distribution  of  the  passengers  on  two  decks.  Figure  15.  Tne  cargo  and 
passenger  baggage  arc  on  a  third  deck  below  the  passengers.  This  arrangement  is  the  most  efficient  for  very’  large  aircraft  because  a  single  deck 
configuration  requires  a  very  long  fuselage.  This  necessitates  a  long  and  heavy  landing  gear  to  obtain  adequate  takeoff  rotation  angles. 


INTERIOR  CONFIGURATION 

600  PASSENGERS 


FIGURE  15. 


The  airplane  was  configured  using  three  levels  of  composites.  0  percent.  8  percent  and  26  percent  of  the  structural  weight 
plus  basic  system  weight.  The  reductions  of  takeoff  weight  due  to  the  lower  weight  empty  and  the  reduced  fuel  required  for  the  mission  are 
dramatic.  Figure  16  The  area  of  the  community  impacted  by  noise  vvas  reduced  as  the  amount  of  composites  used  increased,  due  to  an  over¬ 
all  reduction  in  aircraft  size. 


ADVANCED  IN? CRCONTlNENTAL  AIRCRAFT 

COMPARATIVE  CHARACTERISTICS 
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•WEiCuT  CF  STRUCTURE  AND  BASIC  SYSTEMS 

FIGURE  16 
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The  reduction  in  the  100-PNdB  footprint  area  is  a  very  important  consideration  in  any  commercial  airplane  design  and  has  a 
significant  impact  on  life  cycle  costs.  The  reductions  in  the  maximum  takeoff  weight  due  to  the  increased  use  of  composites  were  found  to 
have  a  significant  impact  upon  the  life  cycle  costs,  Figure  17. 


EFFECT  OF  COMPOSITES 

COO  PASSENC'ftS 
52SO  N  Ml  DESIGN  RANGE 
OHS  MACK  NUMCEK 

UNLIMITED  FIELD  LENGTH 


MAX  TAKE  OFF  WEIGHT  LIFE  CYCLE  COST 


FIGURE  17. 


The  Douglas  advanced  in:  -.mental  airplane  study  illustrates  the  benefits  provided  by  the  use  of  structural  materials  of 

higher  efficiency.  In  spite  of  the  increased  material  costs  the  overall  saving  as  measured  by  the  life  cycle  cost  benefits  is  very  significant  when 
the  amount  of  composite  material  is  mcrea'  ' 

SYSTEM  REDUNDANCY  -  All-Weather  Landing  Systems.  An  Example 

Advanced  Design  studies  have  proven  to  be  useful  in  the  dctei  .lination  of  the  costs  as  well  as  the  resuitant  p^  tcntial 
economic  benefits  ot  the  Category  11  and  Category  111  all-weather  landing  systems.  The  visibility  conditions  generally  associated  with  Cate¬ 
gory  II  and  III  are  illustrated  on  Figure  18.  The  frequency  of  occurrence  of  these  lo-v  visibility  conditions  i‘  included  in  a  report  prepared  by 
R.  Dixon  Speas  Associates.  Reference  I. 


S  gnificantly.  one  of  the  world’s  businest  airports.  John  F.  Kennedy  at  New  h  ork.  'tands  near  the  :op  of  the  L-.S.  airports 
with  36.7  hours  per  year  of  Cat-got  y  H  weather.  15.2  hojrs  per  year  of  Category  HIA  and  8.9  hours  per  year  of  Category  1:13  and  !I*C 
weather. 

Category  11  conditions  ranged  from  2.6  to  34.3  hours  per  year  at  the  other  airports  studied.  Categon  MIA  ranged  from  76.6 
to  1  7  hours  per  year  while  Category  I1IB  and  IliC  weather  varied  from  27.1  to  0.8  hours  per  year 
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The  benefits  of  the  all-wcathcr  landing  system  have  been  estimated  in  Reference  1  and  are  accepted  wirhout  modification  for 

this  paper. 

AIRLINE  BENEFITS  NATIONAL  BENEFITS 

•  Additional  Passenger  Revenue  •  Reduction  in  Delays 

•  Decreased  Fuel  Reserves  •  Reduction  in  Diversions 

•  Decreased  Costs  of  Weather  Interruptions  •  Reduction  in  Cancellations 

•  Increased  Safety- 

In  incorporating  Category  III  all-weather  landing  systems  in  recent  aircraft  programs.  Advanced  Design  studies  indicate  that 
there  au-  significant  contiol  system  costs  over  and  above  those  required  for  the  airport  and  aircraft  avionics  equipment.  Figure  19  outlines 
the  cost  per  airplane  of  control  system  changes  needed  to  provide  dual,  triple  and  even  quadruple  redundancy  to  assure  the  safety  and 
reliability  of  the  aircraft  fail-opeative  flight  contiol  sy-stems.  The  development  and  certification  of  this  equipment  in  the  aircraft  adds  to  the 
system  costs.  Tabic  1.  Also  included  are  the  ait  -af-  costs  for  the  estimated  world  fleet  of  2665  airplanes  equipped  for  all-weather  operation 
as  well  as  the  life  cycle  costs  for  this  aircraft  equipment. 


REDUNDANT  CONTROL  SYSTEMS 

COST  PER  AIRCRAFT 

CAT  III 

HYDRAULIC  SYSTEM 

$  77.000 

ELECTRICAL  SYSTEM 

2,000 

AUTOPILOT 

55.000 

WIRING 

5.000 

FABRICATION 

ASSEMBLY  ANO  CHECKOUT 

66.000 

TOTAL 

$  205.000 

FIGURE  !9. 


TABLE  1 

COST  PER  AIRPLANE 
1980  Dollars  in  Thousands 


Category  II 

v-aegory  UlA 

Category  1IIB 

Category  IIIC 

Avionics 

S40 

$165 

$205 

$280 

Redundant  Systems 

10 

215 

215 

215 

Certification 

2.5 

20 

20 

20 

Total  Investment  per  Airplane 

$52.5 

$40C 

$440 

$515 

LIFECYCLE  COSTS  PER  YEAR 

1980  Dollars  in  Thousands 

Aircraft  Systems  Plus  Certification 

$0.8 

$15.7 

$15.7 

$15.7 

Operation  and  Maintenance 

8.5 

34.5 

36.1 

39.1 

Annual  Cost  per  Year  of 

Additional  Systems 

$9.1 

$50.2 

$51.8 

$54.8 

Annual  fleet  Cost 

7665  Aircraft 

$25,000 

$134,000 

$538,000 

$146,000 

In  the  Advanced  Design  studies  it  was  found  that  the  total  costs  a&-.ciatc.d  with  the  all-weather  landing  systems  are  signifi¬ 
cant  higher  than  those  reported  The  cost/bcnefits  as  a  function  of  the  number  of  airports  equipped  for  the  Category  II.  IMA.  IIIB  and  I11C 
ail-weather  landing  systems  are  shown  by  Figure  20.  The  srtdics  indicate  that  Category  II  is  cost  effective  with  16  or  more  airports  in  the 
system  Category  III  docs  not  become  cost  effective  until  all  weather  systems  have  been  installed  on  a  worldwide  basis  at  more  than  50  air¬ 
ports. 
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The  airport,  airplane  and  system  cost  benefits  for  an  estimated  world  fleet  of  2665  airplanes  equipped  for  all-weather  opera¬ 
tions  ate  of  interest.  Table  2  outlines  the  airport  and  airplane  costs  for  three  quantities  of  airports  equipped  for  Category  11,  lllA.  IIIB  and 
11IC  all-weather  landing. 


TABLE  2 

SUMMARY  OF  AIRCRAFT  AND  AIRPORT  COSTS 
1980  Dollars  in  Millions/Year 
2665  Aircraft 


Number  of  Airports 

Category  11 

Category  IHA 

Category  IIIB 

Category  I1IC 

10  Airports 

(a)  Landside  Cost  Plus 

Aircraft  Avionics 

$22 

$  87 

$107 

$146 

(b)  vtreraft  Systems  Pius 

Certifies-  on 

25 

134 

138 

146 

. 

— 

Total 

$47 

$221 

$245 

$292 

24  Airports 

(a)  Landside  Cost  Plus 

Aircraft  Avionics 

$25 

$  93 

$115 

$160 

(b)  Aircraft  Systems 

Plus  Certification 

25 

134 

138 

146 

_J_1 

— 

— 

Total 

$50 

$227 

$253 

$506 

40  Airports 

(a)  Landside  Cost  Plus 

Aircraft  Avionics 

$27 

$  98 

$120 

$163 

(b)  Aircraft  System  Plus 
Certification 

25 

1  *4 

138 

146 

" 

—  — 

Total 

$52 

$232 

$258 

$309 

The  cost/bet.efits  of  Category  II,  IHA,  IIIB  and  IHC  landing  systems  for  a  fleet  of  2665  appropriately  equipped  airplanes 
operating  from  10,  24  and  40  airports  are  shown  in  Table  3. 
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TABLE  3 

SUMMARY  OF  TOTAL  COST/BENEFITS 
1980  Dollars  in  Millions/Year 
2665  Aircraft 


Number  oi  Airports 


Category  11  Category  I11A  Category  1UB  Category  HIC 


10  Airports 

Benefits 

$40 

$  69 

$  89 

$  89 

Costs 

47 

221 

245 

292 

— 

Net 

S-7 

$-152 

$-156 

$-203 

24  Airports 

Benefits 

$59 

$  101 

$  128 

$  129 

Costs 

50 

227 

253 

306 

— 

- — 

Net 

$  9 

$-126 

$ —  1 25 

$-177 

40  Airports 

Benefits 

S  83 

$  141 

$  181 

$  182 

Costs 

52 

232 

258 

309 

— 

— 

— 

— 

Net 

$31 

S  -91 

$  -77 

$-127 

The  role  of  the  advanced  designer  is  to  obtain  an  accurate  estimate  of  the  total  airplane  costs  including  all  of  tne  control  sys¬ 
tem  and  control  surface  changes  required  to  implement  the  fail-operative  philosophy  required  by  an  all-weather  landing  system.  An  example 
of  the  in  .reased  complexity  is  shown  in  Figure  21  which  illustrates  the  necessary  changes  to  the  control  surfaces  and  thetr  hydraulic  actua¬ 
tors  to  .T*et  the  Category  III  requirements. 
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FIGURE  21. 


The  number  of  control  surfaces  is  increased  primarily  by  segmenting  or  dividing  the  basic  surfaces.  Each  of  these  surfaces 
then  requires  a  separate  hydraulic  actuator  which  in  turn  increases  the  complexity  of  the  hydraulic  system  as  well  as  the  flight  control  sys¬ 
tem.  It  should  be  noted  that  predicting  the  specific  cost  of  complexity  itself  is  very  difficult.  The  changes  to  the  flight  control  system  for 
Category  III  arc  over  and  above  those  for  the  avionics  equipment  required  for  Category  III  and  have  a  significant  economic  influence  on  the 
'-ost/benefit  estimates  for  the  system.  These  additional  costs  can  be  estimated  in  the  preliminary  design  stage,  and  may  have  a  strong  effect 
on  the  ultimate  decision  to  incorporate  or  not  incorporate  the  capability  in  the  airplane  for  operating  under  the  various  all-weather  con¬ 
ditions  However,  the  improvements  in  airplane  safety  and  reliability  with  the  redundant  flight  control  systems  and  the  all-weather  avionics 
equipment  may  be  weli  worth  the  costs  .nvolved  even  if  the  economic  benefits  are  less  than  hoped  for. 

As  previously  discussed,  the  number  of  airports  equipped  for  all-weather  operations  has  a  very  signifies.  »t  impact  upon  the 
cost/bcncfits  of  this  capability. 

The  National  Aviation  System  Plan  1973-1982,  Reference  2.  indicates  that  there  is  now  only  one  airport  in  the  United  States 
equipped  with  an  operational  convcntiatijl  Category  IIIA  It-S  system  and  that  10  more  are  planned  to  be  commissioned  prior  to  July  1, 

1982  for  a  total  of  1 1  Starting  in  1977.  the  FAA  plans  to  switch  to  Category'  ill  microtsjw  systems,  with  a  total  of  42  systems  planned  in 
the  United  States  by  July  1982. 
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The  avionics  equipment  currently  installed  in  aii craft  now  m  production  .•'ill  require  modest  additions  including  additional 
antennas,  receivers,  and  sensors  to  provide  dual  capability  for  using  both  conventional  and  microwave  ILS.  These  additional  costs  were  nor 
included  in  this  analysis.  The  full  utilization  of  the  microwave  ILS  capability  which  will  provide  a  much  wider  angular  field,  variable  glide- 
slopes,  and  curved  approaches  among  other  features  will  require  essentially  all  new  avionics  in  the  aircraft.  Again,  these  costs  for  this  addi¬ 
tional  capability  were  no:  included  in  this  analysis. 

CONCLUSIONS 

Configurations  established  in  Advanced  Design  have  a  strong  influence  on  life  cycle  costs.  In  fact,  once  the  airplane  design  is 
frozen  and  emerges  from  Advanced  Design,  subsequent  changes  to  reduce  life  cycle  costs  are  substantially  limited.  It  is  therefore  vitally 
important  that  every  consideration  be  given  to  life  cycle  costs  as  early  in  the  design  process  as  possible.  Adequate  time  must  be  allotted  for 
an  intense  evaluation  of  costs  while  the  program  is  in  Advanced  Design. 

The  example  of  the  all-weather  system  used  in  this  paper  is  a  good  illustration  of  the  importance  of  including  all  elements  of 
the  system  in  evaluating  life  tyck  costs  The  increased  complexity  of  the  flight  control  system,  and  consequential  changes  required  in  the 
hydraulic  system  were  as  costly  as  the  avaionics  The  increased  safety  aspects  of  the  fail-operative  redundant  flight  control  system,  which  are 
difficult  to  evaluate  in  terms  of  dollars,  are  generally  felt  ro  be  worth  the  extra  cost. 

Early  attention  must  be  given  to  those  factors  which  have  a  significant  influence  on  total  life  cycle  costs.  These  include  the 
number  of  engines,  the  design  cruise  speed,  takeoff  and  landing  field  length,  the  approach  speed,  initial  cruise  altitude,  thi  selection  of  equip¬ 
ment  and  systems,  the  simplification  of  design  as  well  as  the  materials  and  facilities  to  be  used. 

For  commercial  aircraft  t..e  environmental  impact  of  the  airplane  must  be  considered  on  ar.  equal  basis  with  me  cost  and 
technical  factors.  In  the  real  world  today,  community  noise  is  a  most  important  problem.  Low  energy  consumption  per  passenger  mile  may 
shortly  become  another  important  design  consideration. 
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AKALISES  CRITIQUES  ET  RECHERCHES  Sit  LABOHATOIRE  AU  STADE  DE  L'AVAJiT-PROJST  D'UN  AVION 
par  Claude  Lids-ena*  et  Philippe  Poisson-Qui.iton** 


Bdaua^ 

A  la  naiosance  de  tout  projet  nouvetu,  les  Services  Officiels  doivent  rdunir  un  certain  nombre 
de  donndes  techniques  permsttant  le  choir  d'une  configuration  bien  adaptee  A  un  programme  donnd  ;  ces 
elements  d’ appreciation  sont  denandes  h  la  fois  aux  bureaux  d’ etudes  dos  constructeurs  et  aux  laboratoires 
de  recherches,  souvent  plusieurs  anndes  a  vast  le  lanceaent  d*un  projet. 

Au  stade  de  1’avant-pro jet,  le  bureau  d'dtudes  s’appuis  k  la  fois  aur  s 

-  1* experience  acquise  au  cours  des  pro jets  antdrieura  i 

-  des  calcul3  oophistiquds  ; 

-  les  rdsultats  d'esoais  denandds  aux  laboratoires  ; 

-  un  service  de  documentation  bien  inforad  ; 

-  et  sur  1' intuition  du  chex  de  projet. 

De  son  c8td,  le  Centre  de  Recherches  doit  pr-ivoir  a  temps  lec  orientations  najoures  do  la 
technique  aeronautique  pour  apporter  le  maximum  d’ informations  aux  services  officiels  et  aux  conotructeurs  ; 
nais  il  doit  dgaleaent  ?tre  capable  d'un  tempo  de  rdponse  tres  court  pour  satisf&ire  une  d^mande  urgente, 
soit  per  ses  noyens  de  calculs  et  de  simulation,  soit  dans  se3  laboratoires  d'esssis. 

Cette  demiere  condition  impose  des  noyens  in  portents  en  personnel  qualifid  et  en  laboratoires 
sans  cesse  modernises  ;  de  tels  aoyeca  peu'.ent  paraftre  codteux  au  stade  de  I'avant-projet,  main  1' expe¬ 
rience  nontre  que  le  bilan  coflt-efficacite  de  I’tnser.ble  d'un  projet  est  toujours  en  faveur  d'uno  etude 
approfondie  au  stade  de  la  conception.  Elle  3eule  pemet  de  nettre  suffisaanent  t8t  er.  evidence  des  points 
critiques  dont  les  consequences  seraiont  ruineuses  si  elles  appnraissaient  cu  stade  du  prototype  et  a 
fortiori  a  celui  de  la  production  en  sdrie. 

Ces  objectifs  a  satisfaire  dans  un  Centr*-  de  Recherches  feront  I'objct  de  la  deuxie.se  partie  de 
eet  expose. 

Ainsi  le  r81e  des  experts  techniques  dec  Services  Officiels  est-il  multiple  ;  il  lour  anpartient  : 

-  de  susciter  des  etudes  pr^paratoires  pornettant  a  i'industrie  de  presenter  un  avnnt-projet  valable  au 
moment  opportun  ; 

-  de  lancer  les  rechorche3  de  base  conduisant  a  une  modelication  corrects  de  phenomer.es  encore  mal  connus 
meis  importants  ; 

-  de  cerner  le  risque  technique  avert  le  lamcener.t  d'un  projet  et  d'eviter  les  impasses  qui  risqueraient 
d'aneantir  l'efficacite  du  systeme  ; 

-  de  suivre  attentivement  le  d^roulemer.t  des  travnux  en  cours  de  devcloppement,  et  eveutuellenent  de  les 
rdorienter  ; 

-  de  penser  aux  retombees  future  -  de*  <5 trades,  nine  si  celles-ci  r.e  doiver.t  pas  * ;re  suivies  d'ur.e  reali¬ 
sation  immediate. 


CRITICAL  ANALYSES  AJiD  LABORATORT  RESEARCH  WORE  AT  THE  STAGE  0?  AIRCRAFT  FRELIKIuART  DSSItel 

Abstract 

Whenever  a  new  project  is  initiated,  the  government  services  must  collect  a  number  of  technical 
data  leading  tc  the  choice  of  a  design  best  suited  to  a  given  program.  These  evaluation  factors  are 
frequently  requested  both  from  the  research  laboratories  and  the  constructor  design  offices,  yeers  before 
the  project  is  Initiated. 

At  the  preliminary  design  stage,  the  design  offices  wi.l  found  themselves  equally  on  s 

-  experience  gained  vith  previous  projects, 

-  sophisticated  computations, 

-  results  of  the  tests  ordered  from  the  laboratories, 

-  a  veil  informed  Documentation  Center, 

-  and  the  intuitive  faculties  of  the  project  officer. 

On  the  other  hand,  the  Research  Center  must  forecast  the  main  trends  of  aeronautical  techniqres  in 
due  time,  in  order  to  provide  the  government  services  and  the  constructors  with  a  maximum  of  information. 
But  it  should  also  possess  a  very  short  response  time  capability  in  order  to  satisfy  urgent  requests, 
either  through  its  computation  and  simulation  facilities  or  its  te3t  laboratories. 

The  latter  requirement  Palis  for  large  resources,  as  f*r  as  specialised  manpower  and  up  to  date 
laboratories  are  concerned.  Such  resources  cay  be  considered  os  expensive  at  the  preliminary  design  stage, 
but  experience  has  shown  that  the  cost/efficiency  of  a  project  benefits  in  any  cose  from  a  careful  study 
at  the  time  of  its  initiation.  Only  Moll  •  study  could  identify  the  critical  points  early  enough,  whose 
consequences  would  be  disastrous,  should  they  show  up  at  the  prototype,  and,  a  fortiori,  at  the  production 
3tage. 

These  objectives  which  a  Research  Center  should  meet  are  described  in  the  second  part  of  this 

paper. 

Therefore,  the  action  of  the  government  technical  services  is  manifold  ;  they  mu3t  : 

-  generate  preliminary  atudies  permitting  the  constructor  to  produce  an  acceptable  preliminary  design  in 
due  time, 

-  start  basic  research  studies  leading  to  a  correct  modeling  of  the  phenomena  that  are  of  importance  but 
atill  poorly  known, 

-  identify  the  technical  risks  before  launching  a  project  and  avoid  deadlocks  which  may  ruin  th«  efficiency 
of  the  syatea, 

-  watch  carefully  the  progress  of  the  works  under  development  and  reorientate  them,  if  needed, 

-  think  of  the  future  fallouts  of  the  studies,  even  if  they  were  not  to  end  up  with  immediate  production. 

*  ~  IngAnieur  Principal  de  1' Armament,  Section  Etudes  gfoerales  du  Service  Technioue  de  1 ' Aeronaut ique  ; 

,  ‘  7501t-  Paris,  Pr. 

”  -  Dirscteur  Technique  Adjoint  (A^ronautique),  ONER A,  92320  ChStillon,  Fr. 
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Premiere  Parti* 

ANALYSE  CRITIQUE  DES  AVANT-PROJETS 
par  Claude  L invent 

1.1  -  IOTRODUtriOlf 

La  cathode  utilises  en  France  pour  rEaliaer  un  programme  d'avion  cilitaire,  oouvent  appelee 
"approche  prototype",  eat  genera lecent  constitute  de  cinq  phases  auccessives  relativement  distinctea 
(fig.  1)  : 


WlfHCH  APPROACH  (•<  •  <  Prvttfyp*  Atttyn  • 
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Fig.  1  -  Approche  *  prototype  •  pour  un  programme  militoire  en  France. 

-  les  etudes  exoloratolres.  finar.ceea  par  l'industrie  on  par  un  orgar.isse  officiel,  persettent  d’orienter 
les  isvestissener.ts,  de  nettre  on  erider.ee  des  cri teres  de  faisabilite  et  d’inspirer  la  redaction  a’une 
ever.tuelle  fiche  programme  ; 

-  c'ect  h  la  publication  ce  cette  "fiche  programme"  cue  coccer.ce  l’avant-pro jet  •,  cette  phase,  qui  con¬ 
duit  a  des  performances  et  a  des  colts  estimes,  3e  terr :  ne  par  la  recise  c^avaut— pro jets  detail les 
eux  services  cfficiels  ;  ceux-ci  doivent  verifier  cue  les  affirmations  dc3  ir.dustriels  sor.t  reali3tea 
ou  correspondent  au  coins  a  un  opticisce  raisorjtr.Lle  ; 

-  la  preparation  du  cor.trit  crotctyre  istervient  '.pros  la  selection  de  1'avant-projet  et.  se  rtf&re  gtnt- 
ralemer.t  a  la  publication  o' une  fiche  programme  modifite  ou  plus  dotnillee.  Le  point  delicat,  dsns  les 
negocia lions  entre  l'industrie!  et  les  services  officiels,  est  d'aboutir  a  un  accord  cur  les  marges 
percettar.t  de  parser  dec  performances  esticecn  aux  performances  gjnnties  (plus  ou  coins  assort; es  de 
pinalites  fincncieres).  Cette  phase  aboutit  a  la  notification  du  content  prototype  ; 

-  la  chase  crototync  cocpcrte  la  fabrication  du  prototype  et  sa  else  au  point  en  vol.  Elle  aboutit  h  la 
reception  sur  avis  des  pilotec  du  Centre  d'Essais  en  Vol.  C'est  au  cours  do  cette  phase  cue  les  options 
adrodyr.aciiuos  fcndamor.tnlcs  sent  finalisecs  en  fonctior.  rctaccent  des  performances  garantiis  ; 


zr.y-.3d  serte  s'ouvre  a  la 


Eventuelle  de  1'avion  de  strie  oar  les  services  officiels. 


Deux  ceracteristieues  de  cette  approche  ce  secblent  devoir  ?tre  couligrides  :  d'une  part,  l'Etat 
r.e  csncar.de  la  eerie  qu’aprcs  avoir  juge  la  valeur  du  prototype  ;  en  consequence,  on  ne  fabrique  gEnera- 
lecent  pas  de  prototype  sur  cu tillage  de  sdrie.  Cet'e  ce  those,  favorable-  sur  le  plan  du  coUt  global,  a 
pourtar.t  1’ inconvenient  d'sccroltre  les  del-in  de  replacement  des  oppareils  de  la  generation  precedente. 
D'autre  part,  les  caracteristiques  de  1'avion  "e  sont  pas  figees  au  strde  de  i'avrnt-projet ;  sr-uf  r;  ioor. 
imperieuse  ieposee  par  les  delais  de  fabrication,  les  choix  ne  sont  dEfinitif3  cu’au  cours  de  la  custritme 
phase. 

Four  iilurtrer  cet  echelonnecent  des  chei;  dans  le  tecra.  je  propose  de  prendre  1'exccple  de 
l'Alphftjet  (fig.  2).  Cocce  ii  r'a.-irrait  d'ur.  avion  d'e ntraineneni,  Is  definition  d'un  avani-px-ojet  don- 
nant  une  vrille  sair.e  conetituait  1'un  d^a  objectifs  fondaccntoux.  Les  cassia  de  vrillc  ont  done  Ete 
ef'ectues  tres  tot,  ar.terieurecent  au  choix  de  I'un  des  groupes  ir.dustriels  concurrents.  La  configuration 
*ui  etr-it  a  lore  quslifiee  n'Etcit  pso  pour  cuter,  t  definitive  :  il  etait  ciairenont  adcis  sue  des  Evolu¬ 
tions  pouvaient  ?trc  envisagees,  a  condition  su’ellcc  ne  detenorent  par  3er  ccrrcteristitues  de  vrille. 

C'est  air.si  cue  dfs  caleuls  theori  ses,  cor.fiimeo  par  la  soufflerie,  cr.t  conduit  changer  le  diidr* 

a  modifier  lec  profils  de  voiiure,  i  supprimer  les  opoilors.  Lv  fusdege  et  le  caisson  do  voilure  ont 

etc  figes  relativccer.t  tore,  justo  avast  le  lar.cecer.t  de  la  fabrication.  Les  tecs  et  ues  volfto  ont  ete 

cheisio  encore  plus  tardlvccer.t  ;  encore  subsiste-t-ii  rear  la  prtciere  phase  d’essais  en  vol  une  solution 
de  recplacecent  pouvant  conduire  A  un  cocportocer t  encore  ceilleur  de  1'avion  au  ddcrochnge.  Bien  enton- 
du,  cet  echelonr.ecer.t  dans  le  temps  rt  ir.ticeccnt  lid  ii  la  duree  don  cycles  de  fabrication  ;  peur  un 
autre  prograsme  conduisnnt  a  un  caisuo:.  de  voilure  or.  titene.  In  definition  de  ee’.ui-ci  sorrit  a  figer 
dans  la  loutc  presifere  par tie  de  la  phase  prototype. 
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decisions  schedule  rc  #e  taken  rr  covem*&rrAL  technical  agencies 
(Aighgig  faytgt  Cm) 
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•  CW<C*  «f  ‘  MlwtlOAt 
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-  DitArtl  cUn|i  |  Fh>t+  *  3  j  «  FvmIh*  v<*t  ^  utfl*4 


-  Vi*f  McftMt  d*«-g* 

-  S#«tlef  cwcelctiM 


•  B#t mmg  of  i 


(  |  ^  Sion  tii  fins  on  *ott!o4  let* 

N  8.)  itk  wcoof  tot  ts  m4*  •*  c wf*^ 

Fig.  2  -  Examples  d'echelonnement  des  choix  dons  le  temps  pour  I'Alphojet. 

II  est  clair  que  l'existenee  des  definitions  saccessives  de  I'avicn  pcse  ua  problfeae  de  gestion 
des  donnees  et  exige  tin  trnvcil  extrSnesent  rigoureux  3ur  ordinateur.  La  discipline  requise  est  d'autant 
plus  stricte  que  beaucoup  de  programmes  sont  aenes  en  cooperation,  les  contractants  et  leurs  uoines  dtant 
geographiquement  tres  disperses.  L'exister.ce  d’un  centre  de  donnees  const-iament  sires  a  jour  et  utilisees 
par  toutes  les  dquipes  cor.cemees,  pour  la  conception  et  la  fabrication  du  n-teriel,  constitue  aujourd'hui 
une  necessite  de  la  premiere  importance. 

L'application  de  lo  cdlhode  franqaisc  a  dtd  fecilitee  par  l’absence  relative,  et  donsagoable 
par  ailleur3,  de  veritable  coapeiition  en  matiere  c’avions  milltuires.  L'indastriol  r.'est  pas  tentd 
d'afficher  des  performances  cdmesurement  optimistes  pour  diir.iner  les  propositions  concurrente3.  Au  stade 
de  l'avant-projet,  les  services  officielr.  ne  demandent  pas  que  les  dossiers  definissent  les  moindres 
details  de  1' avion.  La  documentation  &  ce  3tade  est  peu  volumineuse,  la  definition  de  l'appareil  peut 
encore  dvoluer  avec  beaucoup  dc  souplesse,  en  fonction  dc3  difficultes  de  realisation,  des  delais,  des 
colts  de  ddveioppeaent  et  des  ri3ques  os  times. 

II  peut  arriver  que  l'ordre  des  diverse3  operations  ne  soit  pas  aussi  clairenent  respecte  ; 
c’est  notasnent  le  cas  des  avions  civils  oil  les  be3oins  des  compagnies  ne  peuvent  *tre  traduitc  en  une 
'  imple  fiche  programme  comae  pour  1’aviatior.  militaire,  et  ou  les  prototypes  peuvent  8tre  construits 
sur  outillages  de  serie.  Kdanaoins,  il  y  a  au  stade  exploratoire  et  lors  de  l’avant-projet  de  grandes 
analogies,  comae  le  mor.tre  la  fi-ure  3,  cor.sacrec  au  lcncemcnt  d'un  avsr.t-projet  civil  (STOL). 

TYPICAL  FRENCH  APPROACH  FOR  A  . PRELIMINARY  DESK*.  | 
m  •  ci.il  A  C  | 


GOVERNMENT  j  a  0.1!,. 

OFFICES 


Fig.  3  -  Exemp!*  d’  proch*  (rcncoist 
pour  i'ctude  d'avont-projef  d'un  system* 
de  transport  civil  STOL. 


Jo  voufir*’s  souligr.er  que  pour  les  foraules  totaleaent  nouvellcs,  qui  coaportent  de  gro3 
olen3  de  dcvloppeaent,  il  r.'est  pas  scuhai table  d'entror  directeaent  dans  une  sequence  dont  la 
production  en  eerie  const: ‘  .emit  l'aboutisscnent.  Il  fnut  alors  passer  par  i' intermedia! re  d'un  aodele 
experimental,  portic  intdg.vsnte  des  etudes  explore toircs.  J e  souligne  en  pnrticulier  les  dangers  encourus 
si  les  Stats  Majors  Inir.snier.t  des  modes,  don  impulsions  psssa-eros  ou  dec  enthousiasr.es  cxcessifs 
ir.fluencer  1'exprescion  de  leurs  besoins,  car  on  pourmit  slots  connaltro  des  errements  funestes  :  dans 
une  premiere  phase,  la  formula  nouvolle  -comae  toute  recherche  dont  la  perspective  demeure  lointaine- 
ferait  I'objet  de  recherches  modes  ten,  d'un  aontant  innuffisar.t  pour  renoudre  convenab.er.er  t  les  protleaes 
do  faisubilite  ;  puis  l'Etnt  Major  tror  enthousiamto  sc  per3uademit  soudain  de  1'intdrSt  incomparable 
du  nouveau  concept  et  passcm.it  imaedir  tecent  n  In  redaction  d'une  fiche  programme  d'avion  opdrationnel. 
Des  lore,  le  mnlheuroux  programme  eumulemit  l*-s  difficult-it  „ue  1'on  rencontre  dar.s  tout  ddveloppcaent 
et  celles  proprec  4  Is  nouvelie  formule,  et  coci  dans  m  c 1 in" t  peu  favorable  4  la  reflexion.  C'est  a 
des  circons tjinces  de  ce  •er.rc  qu'ost  imputable  I'echec  rel^tif  an  program”*-'  frenqnis  dc  decollage  et 


5-4 


attorrirsagc  vortical.  La  definition  d’un  oodfeie  ^xpdriaental  sst  d’ailleurs  une  tarhe  difficile,  car 
si  un  r.ppareil  k  prdtontions  op4rationncll«s  eat  vraisembinblenent  vouJ  a  i'<?chec,  do  m8ne,  une  experi¬ 
mentation  sur  un  thbme  manifesteisent  irreoliate  ne  prouverait  rien  :  avantages  et  incenvdnients  ne 
saurnienf  etre  compares  de  aanibre  significative. 


1  .2  -  L'E-IAKE.1.'  CRITIQUE  AU  ST,0)S  PS  L'AVAUT-PROJET 

l.'ous  scmnes  done  nai.ntensnt  au  stade  ou,  basds  sur  dea  essais  effectuds  dens  les  laboratoirea  et 
sur  ios  etudes  propres  ces  industriels,  les  avant-projets  oont  soumis  aux  services  officiels  (fig.  4;  ; 
mfinc  en  cas  d'absence  relative  de  concurrence,  1' analyse  critique  technique  de  ces  avent-projets  cor.sti- 
tue  une  operation  isrortante.  11  s'agit  en  effet  de  savoir  si  le  lnncemer.t  d'une  phase  prototype  suppose 
cu  non  un  sari  technique  demesure.  Conprenons  bien  au'il  serait  ebsurde  de  se  porter  garant  de  ioutes  les 
performances  estimeer  :  un  projet  3a.ns  pari  donnerait  un  avion  sans  avenir.  Kais  nous  devons  dire  si  ces 
parts  demeurent  rainonnables  ;  et,  dans  la  ncaure  ou  nous  souses  coins  influences  que  les  autres  prota- 
gcnistes  par  l'ex.ut  ces  plans  de  caarge  et  l'urgence  de3  besoins,  nous  devons  pouvoir  faire  ce  diagnostic 
uieux  cue  quiconque.  En  resume,  nous  somnes  tonus  de  donner  sans  ambiguity  des  informations  techniques 
a  des  cecideurs,  qui  ne  sor.t  generalenent  pas  des  technicians,  et  qui  aoivent  integrer  a  ieur  choix  une 
grande  cuantltd  d'dienents  non  techniques. 


1.2.1  -  l^s  criteres  de  jugomer.t  (voir  .  .  5) 

Cr.  peat  dvidemsent  demander  one  bonne  conception  aerodynacique  ;  aais  celle-ci  r.'cst  pas  un  but 
or.  set  ;  ello  eot  au  service  des  performer:  s  et  de3  qualitcs  de  vol,  qui  dependent  aU3si  des  systemes  de 
propulsion  cispor.iblcs,  de  la  pou3see  o*  ic  la  consummation  specifique  qu’en  peut  en  attendre,  dc  leur 
poter.tiel  de  ceveloppemer.t  ultdrieur.  !l  fame  faire  intervenir  le  de7is  de  masse,  done  los  solutions 
adoptees  su  point  de  vue  strucrural  ;  de  plu3  en  plus,  il  faudrn  tenir  coapte,  dbs  l'avant-projei,  des 
3y stones  d'aide  au  pilotage,  de  stabilisation,  ctcv initialenent  utilises  pour  corriger  les  ddfauts 
d'appareilc  c-xistants,  sale  destines,  dans  une  optique  d'intdgratior.  et  dc  CCV,  h  boulever3er  nos 
instruments  d’etude  traditionncls  des  qualites  de  vol.  Aerodvnaninue.  propulsion,  structure,  masses  et 
svs tem>s  cor.ditionnent  done  les  performances  et  les  qualites  de  vol  des  avions  et  doivent,  h  ce  titre, 
Sire  examines  au  stade  de  1'avnnt-projet. 

Pour  ~c  qui  csz  des  appnrcils  militairen,  les  objectifs  de  performances  correspondent  tux  missions 
types  figurant  sur  la  fiche  programme  ;  h  cet  dgard,  l'annlyse  critique  de  I'avant-projet  sc  base  sur 
des  etudes  de  sensibility  des  performances  aux  variations  "prdvisibles  ou  vraiseablables"  des  parwobtres 
aerod.-namiques  et  propuloifs.  L'objectif  de  qualites  de  vol,  a  long  terme,  est  de  satiefaire  les  pilote3 
du  Centre  d'Sssais  er.  7ol  et  de  i'Arsee  de  l'Air  ;  au  stade  do  I'nvant-projet,  nous  utilisons  des 
criteres  quantitatifs  voisins  r.e  ceux  figurant  dans  la  normc  a-Ur'cninc  KIL-P-8785  3  ;  oais  ccs  critferes 
r.e  constituent  cue  des  .-uideo,  sans  jranin  Ctre  .irises  en  exigence.  Er.  ce  qui  conceme  les  apparails 
civils,  les  objo  tife  de  performances  correspondent  h  des  missions  types,  expression  plus  ou  moins 
dire  etc  et  plus  ou  meins  eleatoire  der  fcer.oir.s  des  clients  poter.tiels  ;  los  objectifs  de  qualitbs  de  vol 
correspondent  aux  exigences  des  conditions  technique  de  navigability  et  a  la  satisfaction  dec  pilotes 
des  services  officiels  ct  des  coupngnieo  exploitnntes. 

Kais  on  r.e  peut  se  prorencer  sur  lc  niveau  d'optimicction  d’un  nvnnt-projet  sons  se  refdrer  h  un 
ctif  de  colt  orejvtionnel  ;  en  plur  des  donndos  de  performances,  ceci  exige  une  premifcre  analyse  de 
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fiabilite  et  d'ejtituie  h  la  nnircensnce.  deboucha.nt  cur  le  coflt  dea  reparations  et  des  operations  de 
maintenance  preventive* 

B'autres  elements  interviennent  coune  contraintes  ;  ce  3ont  d'nfcord  des  conditions  opjrationnelle3, 
ce  cor.t  ensuite  les  problenes  d'environr.eccnt  spparus  rdcomaor.t  :  limitation  du  bruit  su  decoil'ge  et  en 
approche,  et  a  clue  long  tome,  limitations  sur  les  diveroes  foraes  de  pollution  atmosphdricue.  routes 
ces  contrnntes,  dout  i’ evolution  prochaine  cst  difficile  a  prevoir,  pbseront  ddsormais  sur  tous  le3 
projets  d'avions  civils,  et  peut-8tre  niiitaires. 
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Fig.  5  •  Objectifs  vises  ou  Icncement  d'vn  projet. 


L'nvar.C-projet  appar.-.it  en  tout  etni  de  cause  coane  ur.  conpronis  entrs  une  multitude  de  critbres, 
i ‘ ol  1*.  '’•obler.e  dc  coordination  entre  toutes  le3  equipes  inplicuees.  one  premiere  methode  consiTterait  k 
ionr.er,  choc  1' inducin'  1  et  a  chay-e  equine  concemee,  ur.  object!*  pr.rtiel  compatible  nvec  les  objectifs 
jlcbiux  ct  I'cr.cemble  dec  eor.trcintes  ;  cans  cette  perspective,  les  specialistes  mtervier.draior.t  trfes 
tSt.  L'ir.dustrie  fring-isc  c  prdfdrd  ur.c-  deuxieae  voie  :  riduire  i-.j  d  .-but  le  r81e  des  specialistes, 

Inisrer  le  ci.eix  dec  err.  dec  optior.3  techniques  au  chef  de  pro  jet  et  a  sor.  dquipe.  Ceia  exige,  che2 
1'ir.ii-triel,  d«c  ir.g”  .ir.rc  do  h-rut  niveau,  ayor.t  ur.e  vs., ■.<-  culture  dans  tons  les  donnir.es  de  l'e4ro- 
r.autique  ;  et,  d^r-s  les  services  officials,  dec  gdndrai.'.steo  suffisannent  eclaird-s. 

Ay  r.*,  p  rl '  dec  criteres  et  den  objectifs,  _i  nous  faut  bo ir tenant  mettre  l'accent  sur  le  probibne 
de  la  flaxibilito  de  cou;:-ci.  Prer.or.o  a  cet  eg^rd  .  salqueo  ■■xenples  : 

-  pour  ur.  apparcil  sou;  erci-.l  a  grcr.de  capacitd,  1  'inapt i rude  a  effectuer  une  mission  de  reference  ne 
conduit  pcs  a  use  cor.danr.-ition  ineluctable.  Sn  pratique,  I'une  des  missions  les  plus  critiques  enviso- 
yjes  t-r  ur.  eventual  client  pcurrcit  ni  pas  6tre  accompli  e  dans  les  aeilleures  conditions  de  rentability 
on  d’colleroit  p*>r  cxenrlc  de  Mexico  avec  uu  cu  deux  parsagors  do  coins  dans  des  conditions  clinatiques 
defnvorstles  !  Ce ci  pourr-it  conpronettre  qcl-ues  commandes  sens  porter  un  coup  fatal  ou  programme  ; 

-  imagines  m'  inter.cn t  cu*  Concorde  ne  puisoc  faire  ?aris-ucv  fork  avec  la  charge  carchar.de  rcqui3a  s  le 
programme  ser-it  vraisenbioblener.t  cor.uamr.e.  Heurousecent,  cette  eventur.lite  est  extrSsenont  improbable, 
c*>  qui  ect  d’ailleurc  ciraculeux,  dans  la  ncs-ure  ol  le  projet  c  aboi-da  sa  phase  de  dcvoloppement  avec 
ur.  objeotif  de  -oyen  courrier  ! 
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ist  ir.troiaire  ios  ] imitations  asses  s<5vkres  pour  compr.mottre  un 
ius  difficile  a  prendre  or.  consideration  quo  la  lutts  cor.tre  le 
gulro  le  niveau  qui  :  era  tolere  d.ar.s  dis  ans.  Or,  on  do  pout  par 
r.s  f  lire  ur.  pari  sur  cette  evol.  tion,  et  ce  pari  conditionne  iar- 
i.aer  carneterintiques  du  projet.  Lc  bruit  au  decollage  de 
epic  fratuar.t  :  e'est  nujcurd'hui  un  problc-me,  alors  qu'au  cocent 
i'opinicn  nublique  r.i  ios  specialistes  n:y  etaient  '^raiment  ser.~ 
3  cue  Ics  terrains  d' aviation  pouvoier.  8tre  construits  hors  des 
t  les  appetite  de  la  promotion  imrobilibre  et  susciter  lo  proii- 
cunts. 


L'estim-tior.  1"  la  flexitili '~e  des  cbjectifs  cor.stitue  ur.c  phase  iaportante  dans  lc  travail  des 
services  officicls  et  de  l'ir.dustrie.  S:.  ccs  de  non  flexibility,  il  importe  de  tiendre  des  marges,  d'au- 
tr.r.t  plus  elcv'—s  quo  les  clean  technique-  3or.t  ieportants,  et  cui  eloigr.ar.t  le  comprouis  choisi  de  ce 
sue  serait  ur.  optimum  nr. thecttiquec.cn t  expi  Ir.e, 

l.?.k  -  Les  techjiiques  d 'analyse 

J'en  arrive  mnir.tonar.t  aux  techr.i  .uec  ntilisdes  dries  1 '  ana  lyse  critique  des  a  var.  t-pro  je  ts .  Ces 
tec.nn i'.tt  v-rier.t  suivar.t  cut-  coux-ci  so.nt  defir.'s  ; 


-  r.  ;*.r*ir  d'dtvdcs  paramo triques  ; 

-  a  pnrtir  de  l'oxpeiience  entdrieure  ; 

-  a  partir  de  cr.lculs  sophistiquos  ; 

-  a  pertir  de  resultats  d'essais  j 

-  ou  a  p-artir  de  1' intuition, 

(fig-  6). 


1.2. 2.1  -  Stvdes  pnrnmdtricues 

Dans  1'abstrait,  des  sdthodes  aathematiques  utilisant  i'crdinateu"  devraient  peraettrs  a 
alias  seulen  d'optimiser  completencnt  an  projet  a  psrtir  deo  objeotlf3  et  contraintes  ddjh  evoquds.  De 
tciles  dtudos  ainsi  comprises  ont  gdndrelement  aesez  peu  d'&ujience  en  France  et  aG  parcissent  dange- 
reusea  (fig.  ?)« 

-  elles  sor.t  gdndralerent  xres  oenaibles,  et  il  auffit  de  legeres  modifications  dans  les  hypotheses, 
dans  les  missions  de  base  ou  dans  la  ponderation  dos  criterea  pour  aboutir  u  des  solutions  totalemont 
differences.  Ce  fait  cst  appnru  tree  olciremont  dans  certaines  communications  faites  au  congrfes  I'jAEJ) 
3ur  les  V/S?OL  (Bruxelles,  1968)  ; 

-  le  choir  den  marges  tenant  compte  des  aides  techniques  et  de  la  flexibiiite  de3  objectifs  ne  peut  pas 
recevoir  de  solution  purenent  mathdratique  ; 

-  dans  Involution  d'un  programme  se  croduisent  des  evenenenta  qu'il  appartient  au  chef  de  pro  jet  de 
pressor;  cir,  nans  quo  cela  pursue  dorner  lieu  h  uno  formulation  mathemstique  gdnerale  ; 

-  cni'in,  e-t  surtout,  les  hypotheses  sur  lesquellos  reposent  les  etudes  paruadtriques  ne  sont  vnlcbles 
oue  dons  de3  doanines  trs3  restraints.  L'optiaun  mathdnatiqus  a  tcutes  les  chances  de  se  situer  dans 
le  domain-'  marginal  de  I'une  au  moir.s  oeo  hypotvl3es,  et  de  ne  pas  corresponds  ii  un  avent-projet 
rdalii tc. 


Fig.  7  -  Deux  opproches  (tour 
une  etude  porameirique. 


Bien  entendu,  les  critiques  foites  a  l;encontre  d'une  optimisation  globsle,  purenent  aathdaa- 
ticue,  faito  par  ordir.stour  ne  condanncnt  pas  la  conception  aidde  par  ordinateur.  Celle-ci  constitue  un 
outillago  absoluaent  indispensable  (voir  §  1.2.3). 

PlutSt  que  de  fa  ire  dee  Etudes  mathdsatiquec,  nous  prdfdrc-ns  bolayer  les  dorsaines  er.visageables 
en  decsi.iant  plusieurs  avast— pro jets,  en  les  evalunnt  sdpnrement  et  en  coaparant  les  rdsultnts  obtenus. 

On  pourmit,  h  titre  d'oxemple,  prendre  1' optimisation  d'i-ne  surface  de  voilure  rt'nvion  de  coabat  h 
fomule  aerodynamique  donnde  (voilure  et  empennage  horizontal  fixds  en  forme  et  en  position  relative, 

&  One  r.ocothdtie  prbs).  Ce  problems,  simple  ou  point  de  vue  du  concept,  ne  peut  §tre  dtudid  cathdeatique- 
aent  :  tris  vite,  conpte  tenu  de  1* architecture  gdneralo  dc  1'avion,  de  la  qunntitd  de  carturaiit,  do  la 
fixation  deo  charges  ertemeo,  etc.  on  s'aperqoit  que  l'effet  d'dchelle  interdit  I'eaploi  de  la  edne 
formuie  aerodynaaique...  Nous  oosaos  alorr  conduits  h.  faire  plusieurs  avant-projets  dans  lea  gamr.es  dfe 
surfaces  onvisageables. 

1’ analyse  critique  das  dtudeo  parsed triques  rovient  alors,  pour  l'ingdnieur  des  services 
officials,  a  3'dtude  de  plusieurs  avant-projets. 

1 .2C2.2,  L' experimentation  antdrioure 

Pans  toutf/  la  se3ure  du  possible,  nous  cherchons  h  n'ovancer  que  par  petita  pas.  L* imagination, 
cartes,  eot  ndcoosairo  pour  cor.cevoir  un  avan t-projot,  main  ii  faut  la  concentrer  cur  l'essentiel  s  nous 
no  croycr.s  pea  au  succbs  d'un  programme  baud  sur  uno  multiplicity  de  petite  gadgets  as tucioux,  de  mise 
au  point  difficile  et  faisnnt  appol  b  de3  techniques  a,  I  connues. 
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Je  crois  que  le  succfes  de  l's^ronautique  nilitaire  fran?ai3e  est  114e  au  fait  que  chaqus  avion 
beneficie  directene.vl  de  l 'experience  acquise  par  sea  prddecoaseurs.  Regnrdez  la  figure  8  i  les  quatre 
avions,  bien  que  tree  <Hff4rents  au  point  de  vue  adrodynanique  -il  y  a  une  voilure  delta,  uae  aile  en 
fliiche,  ur.e  g4oaetrie  variable  et  un  VTOL-  oat  an  air  de  fenille.  Lea  prises  d'eir  oont  sensibleaent  les 
mSmes.  Avant  la  geoaitrie  variable,  il  y  avnit  eu  le  Mirage  F2  et  la  position  de  1  *  empennage  horizontal 
n'a  gufere  changi.  Tons  les  avions  qui  ont  suivi  ceux  reprisentis  ici  -Mirage  FI,  Mirage  G8,  avant-prejeta 
d'Avion  de  combat  futur-  sont  dari3  la  ligne  directe  de  l'un  des  quatre  oppareils  . 

D’ailleui-R,  is  fait  que  la  mSne  equipe  chargde  des  etudes  avtncSes  aux  Avions  Karcel-Dassoult  cit  suivi, 
au  cours  des  dix  dernieres  anndes,  une  bonne  doazsine  de  prototypes  depuis  l'dtude  explore toire  jusqu'a 
la  nise  au  point  en  vol  constitue  un  capital  u'expe:  '.ence  extrSaerent  pricieux. 

Du  c8?4  des  ingenieurs  des  services  pfficiels,  il  faut  done,  pour  faire  l'nnalyr.e  critique  des 
avant-projets,  une  bonne  conneissance  des  prograaaes  onterieurs  et  des  problenes  rencontres  jusqu'i  j.eur 
mine  au  point  en  vol.  Lorsque  plusieurs  tr.dustriel3  sont  nis  en  competition  au  state  de  l’nvani-projev., 
les  services  officiels  ben^ficient  ausci  de  la  connai3snnce  des  avar.t-projets  issue  •!' industrials  diffd- 
rer.ts,  ce  qui  ieur  seraet  de  cettre  nieux  en  Evidence  les  points  critiques  de  chacun  d'ontre  aux.  Autar.t 
1' absence  relative  de  coape  titles  nous  poraettait  une  plus  grande  souplesse  dans  1  ’  echelo.inea"nt  des 
chuix  techniques,  autant  e'le  e3t  urdjudiciable  au  str.de  de  1'am.lyse  critique.  Au  cours  dos  cinq  demie- 
res  anndes,  nous  avons  ndnnnoins  pu  beneficier  d'une  situation  concurrentielle  t 

-  dens  la.  definition  de  1*  avion  d'entrafnenert  qui  est  aevenu  1' Alpha  jet  frr  nco-iileaend  ; 

•  d- nr  les  a^ant-nroiats  STOL  coaaandes  par  le  3GAC. 

D*  -utres  pro  jets  iaportants  (Concorde,  Airbus)  avnent  f--it  eux  aussi  l'objet  d'une  concurrence 
en  ere  grouses  indue triels. 


«  wiuWnitj&iofS 

*  Ail  concepts  tailored  'for 

sjO-lo-  bOOnfl  rsPd'tos  miction 


i 

f 

i 

e 

$ 

l 

«■* 


W€ (G H. T  <•!«»»*. 
Epiply  n totgltt  !*  pn*t ) 

MUiltty  tfmk.momK  *»t  J 

Tskosff 

c*A**rrj*iST/cs 

Wrtf  «.««A  - 

WetttO  srtM  ... 
mtrng  t**4“*g  ir/f  „ 

tm  tretghf  */+  ._ 

•vtl+mt  4 cto 

•••!  CaM**'  •  *s» 
r  *  wit  COc  Hi 

•*  300  t.i  ru**._ 


X 


3 


>  jj.»  *  n  ua»* 
A»-«^  H  M‘3  2  +* 

ClA*#ie*  t* 

^  MlJX-ri-LUSK?** 
tsis-f/  r**  fisa.fj't* 

t*  c(f3'  Soft  (‘It  ***•'. 
V'f*" * 

***** 


4 

4 

l! 

*.1  r 

St  t 

*  r 

tO.C  r 

i.s 

2  7 

2  t 

S2 

JJL 

.if. 

t  t 

1  S 

— 

tt.f  r 

74  or 

14  7T 

12.  ST 

J7~» 

«-• 

2r  *• 

40** 

t3S~» 

no  •• 

130  «.» 

HS*4 

iso 

S€0 

1 70 

040 

— 

•  40 

*  7 * 

072 

OSS 

200 

170 

ICO 

300 

2.L 

1* 

2  1 

~ 

•  * 

f**f 

*  t 

4i  — 

-  4** 

tor** 

»* 

p- 

S  1  ~ 

j  j  - 

9.2  « 

12  M 

2.7  m 

C  7  m 

7 SO* 

FOO- 

Soo* 

o 

t2fO* 

t  too* 

4  Ok,* 

O 

rjS'll 

tiOHt 

ft*  •!! 

Fig.  8  -  Quotro  conceptions  d’un  avion  d* 
combat  cdoptc  b  un.-  mission  do  pen«trp»ion 
b  boss*  oltitudo  sur  un  objoctif  b  X  =  300  nM, 
aver  le  mem*  teoettur  do  croisibre 
(TF-306,  T  =  10,4  tonnes  ovec  P.C.). 

4  Dai  fault  .Hiraga .  combat  A/  C 


’.2.2.5  -  Dee  nethodec  de  calcul  sooi.istiqudes 

Dans  les  oara-praphes  suivar.ts,  afin  de  raisoane-r  our  des  cas  concrets,  je  citerai  queiq’ies 
ex.-aples  espruates  r.u  dosa'ne  do  I’Adrodyntaiq-.  e.  Il  c-'-t  clair  que  les  r.ur.reo  disciplines  offrent  des 
situations  analogues...  Les  rdthodos  traditionnelles  de  conception  des  avions,  qui  constitue ient  il  y  a 
dix  oi  quiuse  'ins  un  edifice  asses  coherent,  ont  4 td  dbrrnlee3  depuis  per  plusieurs  evenenents  : 

-  In  n<cessi*4.  pour  les  avions  volant  a  hnut  cubso.oique,  e'e^e-oitre  loui  nombre  de  Knch  ce  croisibre  a 
••onduit  a  1  ’ abandon  dec  profits  trudi’ionnols.  One  i'on  ere  reportitiors  de  vi tosses  "en  plnteru", 
ccndnioant  k  des  r.ocbros  de  liich  legerenout  superieurs  h  un  ur.e  pr.rtie  notable  de  Is  corae,  ou  cue 
I'on  ddvsioppe  une  region  supt.rscr.iqu5  suivie  d'ur.o  recoapression  sans  choc  ou  avec  un  choc  d'intensitd 
aosez  faible  pour  qu’il  n' intro '  •ise  aucun  ddcolleBcnt,  dr.ns  les  deux  cos,  le  trrvril  r.e  pout  se  f-.ire 
au'en  dinpo3rnt  do  cathodes  3op’..i3ticue  s.  Xl  cocmence  e  en  5tre  de  r.lize  pour  d’nutres  problbnes  noro- 
dynsaiques  (optiaisation  ce  cispositifs  ’iy pursue t-  _ -teu-s,  pn:  exeople)  ; 

-  I'incumion  dans  le  subsonj.que  eleve  exclut  que  l  -  ilexes  d’intoraction  soient  tmites  in  fine  aprfes 
optiaioetion  partiellr;  des  diif4rentt  elecer.tn  de  l'avion.  Et  or.  ne  ptut  plus  se  contentsr  d'approxisa- 
tions  grossieros  do  typo  ’’loi  dec  ci res",  las  ooypns  de  calrcl  dcivent  se  rcfdrer  a  une  base  de  donndes 
i,r»nmi  coapte  la  totalits?  de  I'appnreil,  nvec  tct.tes  les  difficultos  que  represonte  le  stockage  de3 
ir.forsation3  necessniros  L  C..1  representation  correct.'  da  I'.vion  dcr.o  r.es  diverr.es  configurations, 
hypersustentdes  ou  non...  Il  y  aurait  nvisi  la  r.ecef.iit'  de  "boucler"  su.-  les  deformations  adroelastiques 
cois  il  font  bier,  reconnoitre  qae  I’on  ceneuro  oeu  sf-v.  ..t  en  ce  domair.e  ; 


-  re  volume  des  esriis  en  soufflerie  effec.uos  sur  les  ovic.ic  des  generations  reoentes  s’eet  constamment 
accru.  Leur  difficult^  technique,  la  precision  cue  i'on  e/ige  des  result.-. ts,  la  nature  plur  cigue  des 
problenes  ifthd- rents  aux  formulas  ncuvelic-s  on  ougBenten*  le  ooSt  ;  cette  inflation  eat  encore  accrue 
par  lu  ;eu  de  ndtheder  de  factntion  di  cutableo,  discutecs  et  tres  eloigndes  do  1' optimum  a",  plan 
national,  En  outre,  le  noobre  r;  *a  quality  des  souffleries  disponibles  n’nugmer.tent  pre  propcrtionnel- 
lesc.it  aux  besoins.  Las  lors,  j’  i—.-'ert  ndcoss.-ire  de  limiter  le  rosbre  des  solutions  n  ersayer  en 
ocj'flerie  et  do  r4duirt  les  pdrindes  de  rise  au  paint  en  court  de  cncpapne,  done  d'aboutir  rapidement 
j.  des  Solutions  presq-*e  ontimales.  C'®st  le  r5le  du  a-lcul  do  r.ous  pemettre  de  mener  b  bien  cette 
demarche. 


On  ne  peut  cortcs  dctAiller  ici  ler  elements  qui  er.tront  dans  ies  gros  pro-j-rmnos  do  colcul  j 
to,  -enrnt  I’exemple  de  1 ' Ac r odyi..t; j o r. uc ,  .io  dirai  -b  non  point  de  vue-  qua  les  aetl'.oaes  utilisdcs  se 
rdpartisaer.t  en  trnis  grouper,  (fig.  9)  : 
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Fig.  9  -  Mithodts  it  calculi 
$ophij!iqu*s  utilise*!  dons 
I'industr;*. 


-  cuelques-unes  son*  tres  pures  sur  le  plar.  tiiiorique  et  consistent  b  resoudre  les  equations  de  la 
necor.ique  des  fluidos  s  on  arrive  a  un  r.ro'olbme  d* analyse  nur.erique  : 

-  d'nutres,  d'ns  1‘ impossibility  theorique  ou  pratique  d'une  d&mrche  ri courease,  font  sppel  a  des  donades 
scoi-enpiricues,  nuis  confirmees  par  de  ..ombrcuses  experiences  disponibles  s 

-  d’autrco,  enfin,  en  l1. absence  de  donates  thcericues  ou  experimer. tries  suffisantes,  font  appel  a  une 
uodelisation  grossicre,  wiable  en  premiere  approximation  et  a  def.aut  a* -litre  chose. 

II  est  cl'ir  que  de  tele  programmes  de  cnlcul,  compte  tenu  de  leur  enmetbre  oe.ni-ocpirique, 
plus  efficece  que  riroureux,  et  dc  la  conplexite  d* introduction  des  caract6ristique3  geometriques  des 
differentes  configurations,  constituent  typiquemunt  ur.  outil  a’ industrial.  Jo  vr.is  precisor  ce  que  doivent 
Ctre,  dans  ces  conditions,  le  r£le  des  services  officiels  et  le  r8lc  de3  laborat.'ire3  de  recherche. 

.  II  n'ect  pas  pensable  quo  les  specirlistes  cl.rrges  de  1*  analyse  critique  de3  avant-projets  dsns  les 
services  officiels  development  des  methodes  de  c.-.lcul  sophisticnces  concurrer.qant  celle3  dc  l'industrie. 
dien  sflr,  il  leur  faut  disposer  de  "reccttes"  et  de  points  de  recoupcnent3  pour  decaler  de  grosses 
orreurs  bver.tuelles  sur  les  donneec  asrodynnaiques  ;  et  e'est  Is  connnissanoe  des  projets  ftntbrieurs  cui 
foumira  le  plus  j ouvent  la  neilleure  base,  litis  surtout,  il  faut  que  les  ingcnicurs  des  services 
officiels  sacher.t  toujourn  tree  exactenent  ou  en  sor.t  les  programmes  de  cnlcul  dc  l'industrie,  quels 
sont  les  phenoabr.es  convennblaaent  modeliscs  (coapte  tenu  de  recoupemer.ts  expenaentaux)  et  donnant  lieu 
h.  des  resultats  cr^dibles,  quels  sor.t  au  contra  ire  les  phdnoabnes  nal  conr.ys  dont  la  oodelisation  est 
alcatoire.  11  faut  qu’ils  puissent  juger  1’ impact  de  teller  incertitudes  sur  les  perfornances  du  projet. 
Je  ferai  renarquer  que  le  dialogue  avec  l'industrie  sera  d'autrnt  plus  franc,  et  l'efficacite  des 
services  officiels  d'autant  plus  dlevee  que  ces  a8nes  ingdnieura  nuront  un  pouvoir  effectif  dans  la 
definition  des  pro^prsaaes  de  recherche  :  cor.naisscr.t  les  ir.suffisa.aces  de  l'industrie,  ils  peuvent 
1'acpuyer  dans  l'exprecsior.  dc  --es  besoius. 

,  Au  cours  des  dix  demieres  annees,  il  me  seable  que  le  :51e  des  labor- toires  dc  recherche  a  connu  une 
mutation.  La  deuxieme  partie  dc  cette  communication  ccntrara  cue  des  configurations  completes  d'avions 
de  transport  supemoniques  aveier.t  fait  l'objet  d'essais  en  coufflorie,  er.  ar.ont  du  loncemeni  du  pro¬ 
gramme  Concorde  et  b  l'initiative  dc  1'OitERA.  Dens  la  definition  des  avions  future,  il  me  semble  peu 
probable  que  cet  office  btudiera  en  amont  de  l'industrie  des  configurations  ccnplbtes.  Et  jo  crois  que 
e'est  unc  tonne  chose,  car  sor.  r5le  est  main  tenant  sillours.  "omtrcux  sont  les  phenombnes  adrodyncmiques 
encore  nal  noddlloes,  f-ute  de  conneissances  dc  base  suffisantes  :  1' interaction  onde  de  choc  -  couche 
liaite,  les  dcoulements  ddcoil03,  le  melange  turbulent,  etc.  donnent  lieu  \  des  moddlisations  trbs 
grossicres  qui  entr-Incr.t  des  aides  irop  inportants  dans  la  prevision  du  comportement  des  avions  en 
cours  de  ddvcloppenent  ou  d 'avis t-pro jet.  Ii  appartient  aux  leborr.toires  de  recherche  de  fa  ire  des 
experiences  de  base  "rimples  ct  proprec",  d'en  recueillir  et  d'en  stacker  touter.  les  donneo3  de 
quelque  importance,  do  prendre  l'initiative  dans  lr,  recherche  d'uno  roddlicatian  convencble.  Par  centre, 
n'att-cher  b  developpcr  des  nethodes  de  cnlcul  qui  rent  cd.jb  opera tionr.elies  dans  l'industrie  et  four- 
niscent  des  resultats  credibles,  s'otstiner  d'annde  en  nnr.ee  b  rattraper  tel  ou  tel  retard,  constitue 
pour  un  erganisse  de  recher.he  I'un  des  move ns  les  plus  efficaces  de  rcspiller  son  budget.  La  distinc¬ 
tion  classique  entre  les  objoctifs  de  l'industrie  -h  court  terne-  et  ceux  de  le  recherche  -b  long  terae- 
ost  obsolescsnte.  Ce  que  l!on  dem-nde  aujourd'hui  aux  orgnr.ismes  de  recherche,  e’est  d'abord  dc  fournir 
des  renreijneaents  o  des  schesatisations  sur  ce3  phenomenon  de  base  mil  connus,  qui  font  pe3er  de3 
incertitudes  excessives  sur  los  programmes  en  coirs  et  risquent  dc  le  fnire  nussi  sur  leu  programmes  dc 
denain. 

Cotte  digreccion  sur  le  r$le  du  laboratoire  etent  tomir.ee,  j'en  revienc  a  mon  sujet. 

1.2. 2. 4  -  Les  resultats  d'essais 

L’ introduction  ces  nethodes  de  cnlcul  d'cco-leacnts  r.e  suppriao  pas  l’isportance  de  la  soufflerie. 
Cn  a  beaucoup  pirlo  de  l.i  nccer,3itc  ds  dcveloppor  des  moyer.r-  d'essais  a  -rinds  r.ombrcs  de  Reynolds,  de 
mcnibre  a  peraettre  une  transposition  plus  directe  r.ux  conditions  dc  voi.  Il  est  vr-oi  par  exeaplo  que  si 
l'on  pcsse  d'un  coefficient  dc  psrts.ice  nrxim'le  cesurc  in  -oufflcrie  (a  fait  a  nonbr°  de  Reynolds)'  a  la 
vnleur  e3timee  pour  le  vol  en  ap.pliquent  un  dc  .rt  forfeit-ire,  on  risque  de  s'attirer  do  serieux  ddboires 
(cf  Specialist's  Meeting  A5ARD/FS?  Lisboane  1972).  Il  se  scut  sue  dans  un  c  s  on  ait  un  decolleaer.t  par 
fculbo  au  bard  d'attaque  du  boc,  et  dan"  1 'nitre  ces  un  dccollexer.t  he  bora  de  fuite  sur  le  cornier  volet. 
Les  deux  ecoulement s  sont  tenement  difforents  "a '  or.  ne  pout  posse:  do  1'u.m  a  1  *  autre  per  1'intermddiairs 
d’une  sLmplc  correction  globalc. 

Jc  pence  quo  1'  n.Gillcurs  apprt  ahe  est  so  coupler  les  cssais  et  le  on  1  cui  coaao  1'inaique  la 
figure  10.  Or.  lvalue  sur  ordin  tc^r,  cor.ptc  tenu  Ico  types  d'ecouiemer.t,  l>.s  coefficients  aerodynamic  ira 
signifientifs  au  nonbre  de  Reynolds  de  vol  d'une  p  rt,  ct  ces  coefficients  r.ux  noabrcc  de  Repv.clds  de 
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soufflerie  -.’’autre  port.  Ces  derniers  sor.t  comperes  aux  result-  to  de  souffloris  et  on  s'interdit  de 
retenir  ur.e  configuration  tant  que  toutcs  lea  divergences  n'ont  pas  ete  expliquees  et  lea  nodc-les  de 
«*-lcuI  modifies  en  cons.'quence.  Ccci  in  pone  cue  In  configuration  essoyde  on  soufflerie  et  pr^alableoent 
ottixicee  c-r  le  c;  icul  soit  borne  a  la  fois  .aux  noxbres  de  Reynolds  de  vol  et  de  soufflerie  ;  celte 
double  optir-iration  cst-telle  possible  ?  Je  ne  saureis  aujourd’hui  repondre  b  cette  question  dans  toute 
sa  genoralitc  ;  toutc-fois,  ncus  avor.s  v-icu  deux  cl  s  de  definition  d*hypersu3tentateurs  &  fcaase  vitesse 
-ur  deux  ty;es  d’av.ons  tree  differents  (i’un  de  transport,  1* autre  de  combat)  et  dans  les  deux  ens  la 
double  optimisation  a  etc  jossicle  xoyenn-nt  u’assez  longs  tfitomexents. 


COAWTATHRMESTMG  COUFUMS 

fflruMty  ^»ig 


Fig.  10  -  Csupioge  calcul/ essai  ou  cours 
d  un  ovanl-prsjet. 


Toute  tentative  d’extrr.solatior.  vol-coufflerie  coit  done  tenir  eoxpte  des  types  d’ecoulesent 
a-x  differents  noxbres  de  Reynolds  et  se  baser  eventual  lexer,  t  car  dcs  cethodes  de  calcul  sophi  a  tiquees . 
”"ertair.es  difficultes  que  no. .2  avons  derouvertes  en  vcl  sur  den  epp&reils  frsr.qais  re  cents  et  pour 
lesquellcs  le  recede  ou  les  consequences  ont  ete  couteux  apperaissaient  dtija  uans  les  resultatc  d’essais 
en  oouffleric.  Dens  plusicurs  cas,  les  specialistes  concerr.es,  subeerges  sous  le  volume  dc3  resultats, 
r. ’av-ient  ::  s  cepouille  le  doname  interessont  ;  soar  los  ..utres,  les  cerodynaniciens  s’etaient  hAtiveaent 
cor.vaircus  que  "lor  chores  s’ arranger' lent  avec  le  r.oxbre  de  Reynolds”.  La  consequence  est  theori  quesent 
rispi''  en  ce  qui  conceme  le  rSle  cos  specialistes  des  services  officiels  :  s’asrurer  que  les  shenosfenes 
aificatifs  or.t  ete  testis  er.  soufflerie,  verifier  que  toute.:  les  ansselies  decelees  en  cours  de  c  ax- 


pa  T.e  .r.t  ete  srir.exer.t  expli-uces,  n’rccept er  de  transposition  au  Reynolds  de  vol 
dec 


acres  nne  analyse 


tvres  d’-icoulcxcnt  et,  er.  cas  de  litiye,  car  I’ir.terxediaire  dc  xethodes  ue  calcul  credibles. 


Je  aentionnerai  encore  deux  consequences  ixportantes  de  ce  qui  viont  d’Stre  dit  : 


-  il  r.’existe  par  dc  r.or.bre  de  Rey 
ccr-  it  ixxccir.te  et  ou  ie  speeia 

-  il  f-ut  Stre  capable  do  r.cdclirc 
Reynolds,  d’ou  1’ ixportar.ee  do  - 
etudes  finer  d ’ f -cul  c:.c  a t  effect 
voi  d* autre  part. 


colds  "sagique"  xu-Jelb  duiuei  la  transposition  aux  conditions  de  vol 
lie  to  ?curr..it  ..o  dicp.enser  a  priori  d’ltre  intelligent  } 

r  Isr  pher.o~.ener  a-rcdynttiques  dr  ns  une  large  gaxxe  de  r.oxbres  de 
ualifier  des  xethodon  de  calcul  par  cer  experiences  de  base  et  des 
uCes  d'r.c  les  aoufficries  a  grands  r.oxbres  de  Reynolds  d’une  part,  en 


1.2. 2. 5  -  Sr.fi.a,  au-dcla  dc  ce  qui  vicr.t  d’etre  dit,  il  y  a  une  part  considerable  pour  1’ intuition. 

Le  ion  chef  i*  prepet  et  1c  bon  critique  des  services  cfficicls  ioivc-nt  et  1’autre  en  avoir  une  dose 

c-uffi:  -  ate. . .  iris  celr  r.’eit  .cuere  descriptiblo  cans  le  cadre  do  cc-t'..  coxxur.icntior.  ! 

1.2. 2. 5  -  Illustration  par  ur.  cxer-.jie 

j,*.  +- r  -  d )crivfir.t  notr^  rtr'.roc!;c  i * ^  “,roh!c«c  ~ *rjorod yT."l>" i. c o  oy tcr*iO 

!<•  rs  le  r.o‘rc  avion  dc  co-bet  Tutor  (avion  "3").  let  app-sroil,  sans  p: e juger  de  la  solution  qui 

sera  retenue,  derivera  probabiexent  du  Kirage  38  (avion  "*).  Pour  tons  les  problbxes  d’a/rodynaxiqufi 
externe,  1’approehe  suivante  sera  adoptee  (fig.  11)  : 


UFICAL  DESIGN  EVCiUTdW  FR0«  AIRCRAFT  A’  TO  AIRCRAFT  B' 
ffo»  CS  crr^ACF  toject* 
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F15.  11  -  UtiStsotion  d*  J’exp«fiencc  ccquise  sur  un  pro  jet  anterieur. 


S-IO 


-  qualification  des  ndthodes  de  calcul  : 

.  coapara< idn  calculs/essais  en  soufflerie  sur  A  et  E  ; 

«  coapa raison  calculs/esaais  en  vol  sur  A  ; 

-  Qualification  des  ooyens  d'esoais  j 

•  cosparaison  soufflsrie/v  il  sur  A  (appuyee  aur  les  results ta  <!e  ealculs)  j 

-  optimisation  de  1' avion  3  t 

double  optimisation  par  le  calcul  (Heynolds  de  vol  -  Reynolds  de  eoufflerie)  } 

-  provision  des  coefficients  akrodynaniquea  de  8  t 

.  application  de  diffdrentes  variations  partant  dea  rdaultats  -  des  essais  en  vol  de  A  -  des  calculs 
(Heynolds  de  vol)  de  B  -  des  rdsultats  en  soufflerie  do  B. 

Le  problfene  de  1'kcoulenent  en  transsonique  (surtcut  avec  des  bees  de  bord  d'attaque)  a 
retenu  toute  notre  attention,  non  que  les  rdsultats  d'avions  antdrieurs  aient  dtd  nauvaia  en  ce  Jonaine, 
nais  parce  que  les  edthodes  d' investigation  nous  paraissent  irsuffisantes.  L'action  est  aenee  sur  deur 
fronts  s 

-  Hecherche  : 

essai  d'une  grande  demi-voilure  dquipde  de  bees  k  fente  e.u  bord  d'aiteque  (soufflerie  SI  de  Kodane)  } 
peignage  fin  de  l'dcoulenent  dins  les  fer.tes  et  derriere  les  bees  5  recherche  d'une  moddlisation  } 

-  Sdveloppeaent  t 

la  eaquette  de  base  de  l'avion  B  (dchellel/19)  est  destinde  k  la  soufflerie  S2  tie  Kodane 
(1,70  e  v  1 ,70  b  ;  pressurisde  k  2.5  bars).  La  dimension  correspondante  penaet  d'dtudier  dee  bees 
sans  fente,  sans  toutefois  laisser  la  possibilite  d'une  analyse  fine  de  l'dcoulenent.  Jne  eaquette  de 
l'avion  A  ayant  nfimes  dimensions  sera  construite  pour  32  et  la  cocpa raison  entre  32  et  le  vol  peraettra 
de  qualifier  ce  coyer,  d'essai  ; 

la  realisation  de  bees  k  fente  n'etant  pas  possible  3ur  une  oaquette  de  cotte  dimension,  nous  projetons 
de  construire  une  autre  naquette  k  l'dchelle  1/8  destinee  k  la  soufflerie  Si  de  Kodane  (8  m  de  diaaktre, 
non  pressurisee).  La  conparaisor.  de  la  saquette  au  l/l 9  dans  S2  et  de  la  naqu-tte  au  l/8  dans  SI  au 
nfime  nombre  de  Reynolds  pemettra  de  qualifier  ce  second  montage  ; 

enfin,  la  eaquette  au  l/8  ne  permet  pas  de  reigeer  l'ecoulenent  dans  les  fentes  aur  toute  l'envergure 
de  la  voilure.  Nous  projetons  done  de  construire  une  deni-voilure  au  t/4  pour  SI  dont  la  validitd  du 
aontage  sera  testke  par  conparaison  avec  les  results t3  de  la  naquette  au  1/8. 

3n  conclusion,  cette  qualification  "en  cascade"  de  noyens  d* essais  ne  paralt  illustrer  une 
attitude  dklibkrknent  orientke  vers  la  minimisation  desrisques  et  l'utilisation  naiimale  des  rksultats 
acquis  lors  du  progrnnna  anterieur. 

1.2.3  -  Aperytt  sur  1» organisation 

L' analyse  critique  d'un  avont-projet  est  faitc,  au  Service  Technique  Akronautique,  sous  la 
direction  d'un  ingenieur  responsable  de  l'ensenble  de  devaluation  (y  c -apris  des  cofits).  Cet  ingknieur 
de  "marque”  a'appuie  sur  deur  cu  trois  equipes  dont  la  plus  inportante,  fornke  de  cinq  ingknieurs,  traite 
les  questions  d'aerodynanique,  de  masses,  de  perf ornances ,  de  qualitds  ae  vol  et  oe  fiabilitk.  Ces  cinq 
ingenieurs  sort  kgaleaent  charges,  dens  i?s  donaines  les  concernant  : 

-  de  suivre  le  developpenent  des  programmes  civils  et  cilitaires  en  cours  ; 

-  de  participer  au  choir  des  operations  de  racherches  ; 

-  de  suivre  Involution  des  elides  et  des  mkthedes  mise3  en  place  dans  l'industrie. 

Cette  situation  me  3eable  presenter  de  grands  avantages  car  'lie  permet  aur  ingdnieuxs  charges 
de  1' analyse  des  avar.ts-projets  : 

-  de  fcien  comaltre  le3  programmes  antkr  -u  -s  ; 

-  de  pouvoir  inflkchir  les  recherches  en  foncti on  des  besoins  de  l'industrie  ; 

-  de  savoir  quel  niveau  de  cor.fiance  on  peu.  recorder  aur  nethodes  de  provision  de  l'industrie. 

Snfin,  la  taille  tres  reduite  de  cette  equipe  la  dissuade  de  mer.er  par  elle-nfioe  des  travaur 
qui  incocbent  a  l'industrie,  et  l'incite  k  se  concentrer  sur  l'essentiel  de  sa  mission. 

Tous  ces  elements  ne  semblent  tres  favorables  a  la  qualite  de  1’ analyse  critique  au  stade  de 
} 'avnnt-projet. 


Deuaikme  Psrtie 

LE  RdtE  OU  LABORATOIRE  AU  STADE  DE  L’AVANT-PROJET 
par  Philippe  Poiaon-Guinton 


2.1  -  INTRODUCTION 

Dans  la  premiere  partie  de  cet  crposk,  on  a  ^voque  a  plrsieurs  reprises  certains  rSles  du 
laboratoire  : 

-  recherches  fondacentales  tres  specifiques,  ir.dispensables  k  une  sodelisation  plus  correcte  ae  phenomenon 
m&l  conn.us,  particulierement  dans  les  domaines  de  l'Aerodynaaique  et  do  I'Adroklasticiti  (ceci  est  vrai 
aussi  bier,  poor  les  cellules  que  pour  ies  turbcmschines )  ; 

-  essais  specifiques  effectuks,  dans  les  neilleures  conditions  do  mpidi'.e  et  de  precision,  k  la  demand* 
des  cons true tours. 


En  fAi*,  si  ce  double  rfile  est  absolunent  neeessaire,  je  pense  qu’il  n'est  pas  nuffisunt,  en 
pnrticulier  Icrsqu'cn  Atudie,  non  plus  un  nvant-projet  relativecent  clas3ique  qui  s'appuie  sur  une  oertaine 
coptinuite  de  l'"dtai  de  l'Art",  nais  au  contruiro  un  concept  tout  e  fait  nouveau  qui  necessite  un  "aaut 
technologique" ;  la  partie  la  plus  "vivante"  du  Centre  de  Recherche  doit  preparer  l'avenir  grice  a  des 
recherches  explore toires  entrant  duns  le  cadre  de  prograt men  prospectifa  A  long  tsrne  initids  par  lea 
services  officials  ;  ce  petit  groupe  charge  de  susciter  des  innovations  puis  de  les  qualifier  per  des 
"coups  de  sonde"  peut  ne  representer  qu'une  faible  proportion  de  l'ef'ectif  global,  par  exeaple  coins  de 
5  j®»  cais  il  doit  bendfirier  d'une  grande  libc-rte  do  manoeuvre  et  du  soutier.  logistique  du  Centre  de 
Recherches  (acces  aux  soyens  gendraux  de  calculs  et  d'essais,  evec  son  personnel  specialise)  ;  je  donnerai 
plus  loin  quelcues  execp.’.es  de  teller  recherches  explcratoires  vecues  a  1  •  OiiERA  ces  demieros  annees. 

Au  uours  des  prochs.ines  anneeo,  il  est  aise  de  prevoir  pl.sieurs  "sauts  technologicues"  sur  les  nouvelles 
generations  d'avions,  qui  p/ortoront  par  exeaple  sur  l'application  des  nouveaux  systeces  de  contrSle 
actif  (C.C.V.)  et  des  nouveaux  profils  3upercntiques  ;  le  rSle  du  laboratoire  secble  particulierenent 
important  en  acont  et  au  cours  du  deve loppecent  d?  ces  concepts. 

C'est  pot-’nquoi  Is  rSle  du  Centre  de  Recherches  vecfcle  inportant  au  stade  de  I'avant-oro.'.et.  en 
particulier  lo.’squ‘il  s'agit  de  concepts  nouveaux  at  ceci  au  cours  des  troir  phases  suivantes  (fig.  12)  : 

.  avant  le  lanoraent  u'une  decande  i'avunt-projet  par  les  organi3ces  gouvemenentaux,  le  Centre  de 
Rscherches  est  pariicuiiersc'-nt  apt®  a  parti ciper  a  la  syn these  s-ur  l^etat  de  l’Art"  concemant  le 
concept  prcpos  :,  puis  a  foumir  certains  elements  d'un  choix  A  partir  d’etudes  paraaetriques  th4orlques 
ou  seti-eopinq uea,  et  enfin  a  lancer  des  ^xpdricenta  t ion3  prdlicmnires  ("coups  de  soude")  pour  con- 
firaer,  ou  infircer,  1‘  in  ter?  t  ieJ  form  let-  envisagees  ; 

.  lorsoue  las  cor.tractants  pour  i’avant-projat  or.t  ate  cinisis,  le  r31e  du  larcratoire  est  c’abord  de 
satisfaire  le  pius  rapideaent  possible  aux  decandts  den  cor.structeurs,  qu’ii  s’agisse  de  calculs 
theoriques  ou  d’es3ais  speciliques  : 

.  enfin,  en  conclusion  de  l’dtude  d'evai.t-projet,  les  services  officiels  ont  souvent  a  donner  une  nouvelle 
orientation  aux  Rrograar.es  de  Recherches,  sovt  pour  que  les  labors toires  approfondissent  les  points  faibles 
rdveles  au  cours  de  I’dtude,  soit  pour  qu’ils  development  des  coyens  d'essais  nouveaux  qui  devront  ?tre 
operationnel3  au  aoaent  oil  un  nouveeu  prcjet  cajeur  nera  lance  ;  ce  dernier  point  est  particuliereaent 
inportant  pour  le  Centre  de  Recherche! ,  csr  il  assure  sa  future  efficacite  et  engage  son  avenir. 


1  AFTER  THE  FRELI1K1RT  PfcDGH  PROGRAM 


cs*c!v3i»#tk 


J>  Ml.  BtWgA  Pt9qrtm% 

2>  rf  mm  t»cilltp». 

J>  Ot«t*  •*  Rmrtji  R.F.V. 
wfc. 


Sn  effet,  le  Centre  de  Recherches  doit,  par  definition,  8tre  techniquenent  "en  aaont"  du 
cor.structeur  charge  d'un  avant-projet  ;  c'est  ici  la  preciere  difficult^,  car  il  faut  prevoir  A  tecus, 
c'est-a-dire  au  coins  cinq  ans  a  I'avance,  quels  seront  les  besoins  du  constructeur  en  coyens  d'essais  ; 

(il  faut  en  effet  au  coins  cinq  ans  pour  ddvelopper  par  execple  une  nouvelle  soufflerie),  et  c'est  le 
r6ie  des  plans  a  long  teres,  que  le  Centre  ie  Recherches  doit  rec.rier.ter  continuellecent  pour  ter.ir  cocpte 
de  1'evolution  rapide  de  la  technique  ulrcnautvque  et  des  besoins  a  la  fois  cilitaire3  et  civil3. 

En  fait,  les  chercheurs  doivent  s'adapter  tres  rapideaent  A  des  changecents  d'orientation 
ailani  par  exeaple  du  problAce  de  1‘esoor  vcrticcl  d'un  VTOL  A  celui  de  1' Achauffeaent  d'une  structure  en 
vol  hypersonique,  en  passant  par  1'adaptatior.  optiaale  de  la  force  d'une  aile  au  vol  transsonique  ;  dsns 
ces  trois  cas,  il  lui  faudra  preparer  des  coyens  d'essais  souvent  tres  specialises  et  coSteux,  don:  le 
plan  de  cnarge  est  tres  difficile  a  prevoir.  Il  y  a  done  toujours  A  prendre  un  pari  sur  l'avenir 
icrsqu'on  lance  une  nouvelle  installation  ;  queique  ois,  elle  est  utilisde  pour  des  essais  que  1'cn  n'avait 
pas  prdvu3  A  l'origine  (per  exeaple,  unc  grar.ee  partie  de  1'activitd  de  SI  Kodane  est  actuelleaent  cor.sa- 
c t4p  aux  bashes  vitesses  Alors  que  cette  soufflerie  4tait  surtout  destinie  aux  essais  en  subsonique  ilevi). 
Souvent,  c'est  A  .'occasion  d'une  etude  d'avant-projet  qu'anpareissent  les  futurs  besoins,  et  nous  en  avor.s 
vdcu  un  execple  lor3  d'une  Stride  rdeente  de  prospective  sur  le3  STOL  de  transport  civil  decandee  aux  cor.s- 
tructcurs  par  lt3  Services  Officiels  franqaia  (fig.  13)  t  cette  dtude  d'avant-projet  a  fait  c la i recent 
apparaitre  les  lacur.es  actuelles  de  r. os  coyens  d' investigation  concemant  le  bruit  des  evions  STCL  et 
1'analyse  de  leurs  qualit^s  de  vol  avec  une  siculation  corrocte  do  I'environneaent  (effet  de  sol,  rafales, 
vitesso  de  descente  A  i'approche,  etc.).  Pour  r=pondre  A  cee  besoins  A  aoyen  terce,  1 ' CfiERA  a  lancd  deux 
nouveaux  aoyens  d'easais  iaportants  grftce  au  soutier.  financier  de  1’Aviation  Civile  (S.O.A.C.)  : 

-  vn  contage  trAs  stphistiqu4  (fig.  14,  15)  pour  i'itude  des  qualit^o  de  vol,  en  profitant  de  la  grande 
taille  de  la  soufflerie  SI  d»  Kodane  ; 
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RESEARCH  CENTER  *UST  FREFARE  ME*  TESTING  FACILITIES  ON  TIME 


I  EXAUFLE  STOL  9£ve;.0F*EMT  M  THE  1W  | 


CONCLUSIONS  OF  A  FRENCH  FREUMHARr  DESIGN  STUDY  :  I 


)  * 


Nmw 


THE  JU IN  PtOflLEnS  TC  SOLVE  AXE 


*  Flifkt  ta 

i  DECISiaNS  OF  THE  FRENCH  AgENgjsJlSCAC.  STA«,  CEV.  ON  ERA) 


»  Enf  ia#'  Airfr**** 
Ia>i4fnca 
♦  Flfrttf 


1)  *f  4  tpactel  V'  STOL 

fti«  maifc  St  **—  »-T  (1W1.75) 


2)  Caattrwctia*  »f  an  — cWic  *-T 
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Fis-  13  -  PItrotfieotien  de 
i»u»*o«*  raoyens  d'exsc's 
d  io  suit*  d'uns  stud* 
d'eront-projet. 


f  -  Nmm  aavitamaaftt  otwhI 
£«f»M ' Avfaia*  •Weis, 

******  a*4  m*  Fifia  st«*V<*A 
*  -  Rts*«6  oa  aca«*tic  ft*rta*n* 

(Eftfis*  M*t  bhI  *t* 


3)  •(  ri*  Rea***?  941  STOL 

af  *tC£V 


•*  -  N#*  cot«j>«» 

•  -  Fljr«*sr**  N< hu  J  f 'Vj,  T,  hp) 
-  -  Flifkr  S*R>«l*f*f  (asa^Mtaaa 

*  -  C*rt*f  ;«ra*  *koc*A*»tm 


0  :  24«r 


Fig.  14  -  Montage  d'etudo 
dts  quclitts  do  vo!  dons 
lo  soufflerit  SI  do  Modeao. 


Spacial  Y''$TOL  ttg  in  S)  Mo dona  W.7,  for 


♦  -50  <  V#  <  -50  «,/* 
a  v  2  5,io*«jit  V9«70*/» 


?^T5t)TKf  board 
;ro»/n<jar>- 
!dy«f  ros^Fv,') 


a  staody  and  unstaody  darivatlvas 

•  parfarmanc a  evaluation 

a  handling  quoliths,  In  and  out  of  ground  affact 

•  £osf  sans  it  i\  \y. 


6  C43r^s  taW«C«4 
(?s*5t*dy 

d*rc  v<»+ivC3  S 

»e-  (2&  *) 


<  4- 

CowtrcwMM*  * 
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Fig.  15  -  Simulation  d*  rafai**  tronsvefsoie* 
au  cour*  d*  i’opjroche,  dons  l’*ff*t  d*  soi, 
a  SI  Modon*. 

OffERA  -  SI  Medan*  W.T.  projected  rig  to  simulate 
lateral  gusts  during  approach  In  ground  effect. 


-  un  tunnel  andcholque  (fig.  16,  17)  pour  l'dtude  au  bruit  de  survol,  et  non  plus  seule&ent  du  bruit  fei e 
au  point  fix*,  grtce  li  l'easai  de  oaquettea  sotorisdes  ou  de  propuiseurs  autour  desquela  on  etudiera  la 
propagation  du  bruit. 

Sioultandoena,  loa  probldoes  spdcif.'quea  lids  aux  caractdristiques  STOL  aont  regardds  en  rol  et 
sur  siaulateur  (au  CE?  et  6  Ases)  en  profitant  d'un  Brdgijet  941  opdrationnel  de  l'Arode  de  l’Air. 


t  -  - 
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Fig.  16  •  Projet  de  sovfflerie 
cntchoique  de  I'OHERA  a 
Polaiseeu. 

ON  EH  A  Palahacu  ■  Project  a i 
an  anaefiaTc  chamhar  with  Inta- 
frotad  o pan  tunnal. 


Fig.  17  -  Etude  dv  bruit  dt  survol  iur 
moquttlt  motorist*  dons  It  jtt  librt 
du  tun. itl  anechoique. 


Essayons  de  recor.stituer  aaintenant  les  liaisons  laboratoire/constructeur  souhai tables  au 
stnde  de  l'avant-projet  j  il  faut  d'abord  souligner  (fig.  18)  que  le  lnncenent  d'un  cvant-projet 
constitve,  pour  le  chercheur,  une  cotivation  esser.tielle  lui  persettant  t 

-  de  renccntrer  los  cons true tours,  et  de  parler  le  cSse  langage  ; 

-  de  savoir  quels  sor.t  sos  problenes  a  resoudre  A  court  terse  r ; 

-  de  developper  de  nouvelles  approche3  theoriques  et  de  nouvelies  techniques  d'essois  5 

-  er.fir.,  d'apprendre  a  travailler  vite. 

C'est  egalerent  i'occosion,  pour  le  groupe  d'avant-projet  du  constructeur  t 

-  de  rencontrer  des  chercheurs  dans  lours  laboratoires  ; 

~  de  les  cor.yainc re  de  travailler  tout  de  suite  sur  leurs  projets  ; 

-  de  decouvrir  des  iddos  nouvelies  et  d’essayer  de  les  appliquer  ; 

-  enfin,  d' encourage r  3e  developpenent  do  nouveaur  soyens  de  Becherches.  dost  ils  seront  les  premiers 
bdndficiaires. 

C*est  enfin  le  rSle  des  Services  Officiols  de  coordonr.er  et  de  recartir  les  tAchcs  entre  le 
constructeur  et  le  laboratoire.  Au  pr emcr  since  du  projet,  le  Centre  de  Recherche  apporte  souvent  une 
contribution  inportante  pour  la  synthese  des  informations  techniques  disponibles  :  un  bon  service  de 
docuaontation  et  la  connaissaace  des  rapports  essontiels  au  niveau  du  specialiste  sont  fondanentaux 
dans  un  Centre  de  Recherche  e^ficace. 

WRACT  0*  A  ntEUIIMir  DESK*  ROUCY 
OH  THE  RESEARCH  CENTER  ETRICJENCr  . 

•  TO  «IP  RANUFACTURERS, 

•  TO  RHOR  THE  SHORT  TERR  RROEIErS. 

*  TO  OEVELORR  H£»  THEORETICAL  APPROACH 
AMO  HER  TESTiNG  TtOTNIOUES. 

»  TO  FOR*  QuOU-T 

♦  TO  *£HT  LARS  RfORLE, 

T.  F*r  *W  RANUFACTURERS,  j  *  TO  CONVINCE  h  anti  9*  rtmt 

*  TO  ImA  ti  HER  DCAJ  md  ***lr  iSnm, 

•  TO  RUSH  HER  RESEARCH  CAEABMJTrES 


Fig.  18  -  Importance  des  eludes 
d'ovont-p roj*t  sur  r*Hicocit* 
d'un  Centre  de  Recherches. 


AatcHoie  cnsnetB 


Afou»*>C  **»!I 
freatmenr 


•«  it  *•  Wtt  OPPOftTUNTT 
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La  deuxiene  phase  est  la  preparation  on  connun  des  esaais  indispensablea  au  stcde  de  I’avant- 
projet  (fig.  19)  ;  leu  principaux  paraobtres  entrant  dans  le  choir  des  essaia  sont  peut-Stre  d'abord  la 
rapldltd  d1 execution  et  leur  orlx.  puis  les  conditions  d* essais  offer tes  (Reynolds,  Mach,  type  de  naquette 
et  dimensions). 

A  cs  ctade,  le  constructeur  n'a  souvent  qu'un  faiblo  budget  (fig.  2 0),  et  il  a  tendance  h 
economiser  sur  les  essais,  surtout  si  le  temps  de  rdponse  pour  avoir  acces  aux  resultats  est  trop  long  ; 

*.I  fast  souligner  ici  l'inldrSt  d'un  traitecent  rapide  de  1 ' information  pemettant  au  constructeur  de 
suivre  les  essais  pratiquement  en  temps  rdel  et  de  modifier  le  programme  a  aa  oonvenance. 


■AM  HUlSIE  rat  TtilK  AT  T«f  ntUMUT  BtiKM  iTAt* 
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Fig.  19  -  Porometres  de  choix  des  mojrens  d'essais 
au  stade  de  I'svant-projef. 


lire  or 

POOJtCT 


KinwAv  1  ttayr 

KW.  M0J*CT  AtlGMf 

Mtrrron 


Fig.  20  -  Evolution  des  focteurs  (ropidite,  precision)  pour  les  essais  our  un  projet. 

Relative  desirability  of  test  attributes  ( after  C.  Russel.  BA  C/UK). 

A  secure  cue  la  forme  da  projet  se  precise,  le  constructeur  tend  h  demar.der  une  nlus  grande 
precision  our  les  resultst3  des  essais,  qui  r.eceosite  de  continuer  i’dtude  sur  003  ca-ucttco  plus 
grances  et  plus  sophisticuees. 

Dos  les  premiers  essais,  il  est  capital  de  fsire  un  trbe  large  balayr.ge  des  attitudes  de 
naquette  (incidence,  derapnge,  etc.),  qui  doivent  deonsser  tree  largemont  les  valeurs  prevues  en  vol, 
surtout  si  le  projet  est  base  sur  un  concept  nouveau  :  nous  avor.s  vecu  nr.  exccple  typique  d’un  avion 
VTOL  (fig.  2*0  qui  prdsentait  une  trbs  forte  interaction  aerodynamique  entre  la  voilure  et  les  jets 
suster.tateurs  ;  h  cette  epoquo,  ces  problbmes  n’apparsicseient  pas  clairement  au  cours  d'essais  preli- 
mir.niros  asses  grossiers  ;  er.  fait,  apres  un  accident  suryenu  en  vol  sur  le  prototype  experimental,  des 
etudes  trbs  d-itpilleec  purmirer.t  d'expliquer  l'accident  dont  1'origine  dtait  un  couple  de  roulis 
sor.siddratle  apparaissar.t  lorscue  l'appareil  etn.it  en  ddrapage  (difference  de  perte  de  portar.ee  par 
"effet  douche-1  entre  1'aile  gauche  et  l'aile  droite). 

Dans  ce  m§me  ordre  d'idde,  je  rappellerai  cue  pour  certaines  configurations  d'avions  classiques, 
il  est  apparu  aur  .p-nndes  incidences  une  ir.stabilitd  lor.gitudinale  (fig.  22),  la  tendance  au  "pitch-up", 
qui  pouvait  er.trair.er  l'avion  a  des  incidences  extremes,  de  1' ordre  do  40°,  ou  I’avion  redevenait  stable, 
mais  ne  pouvait  sortir  de  cette  difficile  position  par  manque  de  puissance  de  la  jouveme  de  profondeur  ; 
ce  r.'est  qu'aprbs  un  accident  fatal  que  les  lafcoratoires  reconstitulrent  le  phenomene  en  soufflerie. 

UFT-JtT  VTOL 


Fig.  21  - 

Ootoriorotion  dot  quolitos  do  vol 
transv*rsol*s  d'un  VTOL  lit*  a 
1'intoroction  voilur*/  jot*  do 
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Fig.  22  -  Deterioration  de*  qvalites  de  vol  longitudinal** 
d'un  avion  classique  out  grondes  incidences. 

Wind  twnnol  on mlyalt  of  Ih*  doep-«f otl  offor  on 
accident. 


© 


© 


Ces  deux  execples,  pars!  beeucoun  d'autres  nelheureuaement,  no.ntrent  qu'il  ne  auffit  d'accu- 
auler  les  heurcs  d'essais  en  soufflerie  au  moment  de  1* etude  d'un  projet,  cols  qu'il  est  essentiei 
d'analyser  dans  le  ddtail  les  rdsultats  obter.us  et  si  besom,  de  les  completer  icaediateaent  :  e’est  le 
travail  du  represent!:.-* t  du  cor.3tructeur  aide  par  i'ingeniour  charge  oes  essais  ;  celui-ci  doit  8tre 
inforad  des  objectife  recherches  et  nor.  pas  considere  cosine  ua  3is:ple  "mnrehand  de  vent"  :  son  experience 
antdrieure  peut  Stre  precieu3e  pour  le  constructeur  k  ee  stade  exploratoire. 

2.2  -  LE  HOLE  PE  LI  RECHERCHE  HAMS  LES  SAWS  TECHKOLOGICjUES 

Je  voudrai8  oaintenant  sontrer  que  des  "nauts  teehnologiquos"  importants  peuvent  aboutir  a 
des  ddveloppementa  satisfaisanta  ai  une  dtroite  collaboration  entre  le  chercheur  et  le  conatructeur  eat 
orchostree  par  lea  Services  Offieiels  j  je  prendrai  come  exeaples  (fig.  23)  certains  des  projets 
franqais  dont  l'dtude  d'avant-projet  avait  soulevd  des  problkces  tout  &  fait  nouveaux  t  l'dpoque  de 
leur  lanceoent  t 


SOME  EXA*PLE5  fraoct  PR£U«JIARY  DESIGN 
m  o  NE*  AIRCRAFT  CONCERT 


Fig.  23  -  Examples  d'avant-pfojat* 
nocossitont  des  souts 
technologiquos. 


2.2.1  -  Avion  de  coobat  auperaonique  a  eaaor  vertical 

II  3'agiaaait  d'integrer  a  une  configuration  delta,  qui  avait  ddjk  faxt  ses  preuves  pour  des 
chasseurs  et  boabardiers  supersoniques,  ur.  aystkae  de  sustentation  par  reacteurs  verticaux  ;  conae  nous 
l'avons  vu  plus  haut,  de  graves  problemes  d' interactions  jets  vorticaux/voilure  n'apparurent  qu’au  stade 
du  vol,  faute  de  cathodes  d'essai3  sophistiqudes  au  stade  de  l'avant-projet  ;  par  cor.tre,  la  soufflerie 
pernit  l'dtude  en  vraie  grandeur  du  fonctlonneaent,  puis  1'optiaisatioo  de  l'enaenble  des  rdacteura  de 
sustentation  dana  la  scuff leris  31  de  Kcdane  gr!co  k  une  collaboration  dtroite  entre  les  Socidtds 
Dassault/Rolls-Royce  et  l'ONERA  au  nocent  du  lanceaent  du  projet  Mirage  3V  ;  grfice  k  cette  dtude  en 
soufflerie,  la  aise  au  point  en  vol  du  systksc  sustentateur  fut  tres  rapid©. 


•  VTOL  SUPERSONIC  FIGHTER  !A.«D.  BiIik'  mi  ».-n.  3V> 

U  STX  TRANSPORT  (Bnf«l  TO  =0  1*1) 

•  VARIABLE  S»EEP  FICHTE*  (AJU>.  *«•).  C  <=064') 

•  SUPERSONIC  TRANSPORT  UK'FR  C.«c«*.') 

•  PA*. JET  m*  TURBORAM-JET  ,'ONERA  RPV.  ONERA  STRa*-JET.  GnHm-  A'O 


2.2.2  -  Transport  k  ddcollege  court 

Ce  concept  avait  dte  propose  des  la  fin  de  la  guerre  par  la  Society  Brdguet,  qui  entreprit  k 
cette  dpoque  des  recherches  fondanentales  sur  la  deflexion  du  flux  a* une  hdlice  au  noyen  de  volets  de 
courbure  nultiplea,  k  l'Institut  Aerotechnique  de  Saint-Cyr  ;  les  etapes  3uccesaives  du  developpemer.t  de 
ce  concept  STOL  :  avion  experimental  Brdguet  940,  puis  avion  cargo  ailitaire  941 ,  furent  prdeddees  de 
ninutieuses  recherches  dans  les  soufflerios  du  constructeur  et  de  1’OdERA,  allant  jusqu'k  l'essai  en  vol 
seei-libre  d'une  aaquette  ootoris4e  dynaoiquement  seobiable  dans  la  soufflerie  SI  de  Chalais  ;  cette 
technique  d'essai  nouvelie  pernit  aux  pilotea  de  ae  l’railianser  avec  le  cocpcrteaent  et  le  contrSle  de 
la  machine  aux  basses  vitesses  avec  flux  Intense  et  fertesent  ddfldchi  des  helices. 

2.2.3  -  Propulsion  par  stato-rdacteur 

i.' idee  de  la  propulsion  par  stato-reacteur  est  conteaporaine  du  developpeuer.t  de  1  'aviation 
(Lorin,  1913)  et  son  pionnier  en  fut  Rend  Leduc,  qui  fit  voler  les  preaikres  machines  txperisentsles  au 
lendeaain  de  la  dernikro  guerre  ;  les  Services  Offieiels  franqais  stiauikrent  egalemer.t  k  cette  dpoque 
les  recherches  sur  les  applications  nilitaires  du  stato-rdacteur  k  l'Arsenal  de  l'Adronautique,  qui  devait 
devenir  par  la  suite  Uord-Aviation  ;  pendant  plus  de  dix  ans  (fig.  24),  une  dquipe  de  spdcialistes  aidee 
is  plusieurs  Centres  de  Recherches  et  d'Essais  oe  consacra  k  une  succession  d'avant-projets  suivit.  de 
rdalisatlona  expdriaentales  essaydes  d'abord  en  soufflerie  puis  en  vol  ;  ce  processus  alterne  "recherche/ 
ddveloppecent"  devait  corduire  k  la  resarquable  realisation  de  l'avion  expdriaental  supersonique  *3rif for." 
propulsd  par  un  turbo-atato-reactaur  (fig.  25)  et  k  des  missiles  k.  stato-rdacteurs  opdrationnels. 

A  la  suite  de  ces  succes,  les  Services  Offieiels  deaandaient  k  l'OBTRA  des  dtudes  d'avant-gsrde 
sur  l'application  du  stato-rdacteur  au  vol  hypersonique  (fig.  26),  qui  devsient  aboutir  d'une  part  au 
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iancec6nt  rdusei  de  pluaieura  aissiles  expdriaentaux  qui  atteignirent  an  netbro  de  Kach  de  5  on  rol  A 
hau  .e  altitude,  et  d’autre  pe.rt,  k  l’essai  de  qualification  fun  state— rdacteur  A  cor.buation  supersoiique 
d’hydrogdne  adaptd  au  vcl  A  Mach  6  )  de  tels  esaaie  ont  dtd  rendus  possibles  g'.’Sce  au  ddreloppezent,  au 
Centre  de  Hodane,  d'une  aouf.'Ierie  hypersonique  capable  de  aisuler  ies  conditiona  de  teapdrature  et  de 
pressioa  d’un  vol  rdel  k  Mach  6  j  cette  ins  .allatior.  vn  peraettre  d’dtudier  aaintenant  en  laboratoire  lo 
cisSile  expdriaen tal  ’’Scorpion*'  en  Traie  grandeur  en  vue  d’optisiser  son  adrodynaaique  interne  et  aon 
atato-rdacteur  k  coobustion  subsoniquo  de  kdroadne  h  Mach  6. 


Cr.e  telle  continuitd  pendant  plus  de  vingt  ar.s  dans  l’effo.-t  de  rechsrche  auivi  de  ddveloppe- 
nent*  ejpdriaantamc  eat  as~ez  exeaplaire  >  les  succds  obtenus  sont  justeaent  lids  k  cette  continuitd  au 
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Fig.  26  -  Progromm*  d*  I'ONERA 
sur  Us  opplicotions  dts  stats, 
raoctaurs  au  vot  hyparsoniqua. 


2.2.4  -  Avion  de  transport  super3onique 

Le  cas  "Concorde"  a  narqud  f-rofor.denent,  cepuis  plus  de  bix  ar.s,  1' evolution  deo  centres  de 
Hecherches  et  d’essais,  particuliereaent  en  Angleterre  et  en  France,  aais  aus3i  en  Hollar.de  (HLR),  qui 
ont  participd  activenent  au  progranne  t 

-  a : chord  avant  la  naissance  du  prograaae, 

-  puis  perdant  l'avant-projet, 

-  et  enfm  au  coura  du  ddveloppenent  de  l'avion. 

L’eldnent  nouveau  a  etc  ici  la  nise  en  eonaun  des  connaissar.ces  scientifiques  et  techniques 
acquise3  au  norent  du  lancecent  du  prc jet,  respectivesant  en  Angle terre  et  en  France  ;  au  r.iveau  de  la 
recherche,  le  RAE  et  l'OTERA  eollaboraient  bej&  depuia  plusieurs  annees  sur  les  probldres  aerodynaniques 
poses  par  le  vol  superaonique  et  11s  furent  alors  etroitenent  asoocies  nux  avant-projets  deuandes  par 
les  services  officiels  respectifs  }  je  r.'evoquerai  ici  cue  cuelques  recherchcs  de  l’OKERA  qui  ont  ete 
Plus  ou  noir.s  directenent  utilisees,  ou  engagdes,  pour  le  proje*  Concorde  dans  les  dorair.es  de  l'adro- 
thersodynaaique  et  de  la  propulsion.  La  figure  27*  reside  tree  scheratiquorer.t  les  differentes  etudes 
entrepnses  dds  1950  3ur  1 ' aerodynarique  dc-3  ailes  eiancees,  particuliereaent  aptes  au  vol  superconique. 

A  cette  dpoque,  la  grande  surprise  fut  la  decouverte  du  supplement  de  portance  que  pouvait 
apporter  un  regine  tourbillonnaire  stable  sur  i'extrados  ces  aiie-.  a  forte  fleche  ( tourhallor.  er.  comet, 
figure  27A),  qui  conpensait  que’quo  peu  lour  faible  pcrtancc  usitaire  aux  ban3ec  vitesses  ;  de  nir.utieuses 
recherche-:  ex  perinea  tales  perc.iuent  de  ddgngor  des  femes  uvolutives  de  cord  d'attaque  avec  apex  a  forte 
fleche  et  bout  b'ails  arronci  (aussitSf  baptisees  "gothiques  f larboyantes",  fig.  27C),  uerrettant  respec- 
tiverer.t  d'accroitre  la  portance  tourbillonnaire  et  d'dvitcr  le  pitch-up  aux  grandee  incidences  ;  ur.e 
surprise  d-:sr.rrenble  apparut  par  centre  ces  lec  premiers  vols  d’un  petit  avion  erpcrisental  lar.ee  par 
I'OL'SHa,  lo" Jeltavieix"  (fig.  27B),  cut  avait  unc  aile  en  "queue  d'hirondelle"  avec  une  fleche  acce.atuee 
au  lord  d'attaque  :  la  ccrhinaicon  du  faible  ailongerer.t  et  de  Is  petite  echeile  ce  cct  avion  entrains  it 
en  effet  un  casque  d'asortiscement  er.  roulis  qui  le  rer.dr.it  r.r.s tic '.xcilotasie  ;  c*  te  leqon  fut 
cepencar.t  fruotueuse  puis.ru 'elle  nous  obligee  a  duvelopper  ur.  systeau  original  de  stabilisation  nutoca- 
tique  en  roulis  :  co  fut  certair.enor.t  la  precicro  application  du  concept  "jet-flap"  sous  force  de  ranpes 
de  souffl-age  mstalldes  ou  bord  de  fuice  de  i'aile  et  oiinentecs  par  pr^levenent  d'mr  sur  le  coapresseur 
du  turboreacteux-  ;  le  teeps  de  repor.se  de  ce  "cor.trSle-  pneunatique"  asservi  a  ur.  g/roae tre  de  roulis 
ctait  do  quelques  centienes  de  s.cor de,  cc  qu-  pemit  d'assurer  un  anortissesent  satiefaisant  de  l'avion 
au  courc  dec  vols  qui  suivirent. 

Une  autre  "retonbde"  de  cette  etude  explomtoire  d 'avant-garde  fut  de  ■  ■erne t tre  aux  chercheurs 
de  quitter  un  sonent  leur  laboratoire  pour  so  frctter  aux  difficilcs  rdr.lites  de  1'experiuer.tation  er. 
vol  :  de  cette  dpoyue  date  la  formation  a  l'OISRA  d'une  division  do  recherche  chargee  a  la  fois  de  la 
conception  d'engins  experiaentaux,  de  la  respsnsabilite  de  leur  exceriner.tation  en  vo1  •  enfin  de 
1'exploitation  des  rdsultats  obtenus. 

Dans  le  donaine  des  grandes  ritosses,  los  etudes  .,'av-ir.t-projet  de  1'dpoque  nous  orienterent 
vers  le  calcul  de  1' aba station  du  bord  d'attaque  (cocbrure  coni que,  figure  27E)  ou  de  1'ensenble  d'une 
aide  delta  (willago  et  caafcrure,  fig.  27 F)  peraettar.t  d'acelio rer  cor.siderablenent  la  finesse,  respec- 
tiveaer.t  er.  3ubsonique  et  en  3uper3oniquo. 

Le  grand  toumant  de  la  recherche  sur  les  av’ons  supemoniques  fut  pris  en  1958  lorsqus  le 
Service  Technique  Adronautique  denanin  a  1'OSSU  de  "regnrder"  quelles  pourraient  8tre  les  cnracteris- 
tiques  d'un  avion  de  transport  capable  d'une  croisiere  supersonique  sous  le  double  aspect  df  1'adrother- 
aodynacique  et  de  la  propulsion. 


*  -  Voir  6  ce  sujet  1'exposd  de  M.  Sr.laon  "Concorde  et  la  recherche  adronautique"  -  Adronautique  et 
- - '.quo  n°  11  (4-1969). 
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Bes  etudes  nodestes,  a  la  fois  thcoriquss  et  ezperiaen tales,  furent  rapideoont  '.oncee3  pour 
cerner  lec  problbneo  essentiels  posds  pour  un  tel  objectif  civil  qui  exigeait  k  la  fois  un  reudonent 
aerodynaaicue  et  un  niveau  de  aocuritd  tree  superieurs  a  ceux  obtenus  sur  les  avions  supersoniques 
ailitaires  contenporains. 

'Jne  etude  parscdtnque,  bnsee  our  les  connaissunCGs  tb£orii,  eo  de  I'epoque,  fut  entreprise  pour 
rech»rcher  la  configuration  opticnle  d'une  configuration  "delta"  en  croisiere  supersonique  (fig.  271 }  ; 
cet  exercice  fut  fort  instructif  car  il  perait  pour  la  preniere  fois  de  preciser  la  sonsibilite  d'un 
projet  : 

-  a  l'elancener.t  at  au  dienvtre  du  fuselage  ; 

-  a  1'adaptatior.  de  la  voilurs  et  a  son  epaisseur  relative. 

(a,  lifting  vobtcx  (r)  —  - - ,  (?)  wing  optimization  at  rim-t 
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Fig.  27  -  Progromme  dc  I’ONERA 
sur  les  oiles  eloncees 
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Fig.  28  -  Coleui  d'optimisotion  d'une  configuration 
d'avion  de  transport  supersonique. 

Supersonic  drag  calculation  on  S.S.T. 
fCNERA.  19S9). 


Fig.  29  •  Etude  parometrique  d'une  fomille  T.S.S.  ; 

finesse  maximole  en  croisiere  supersonique 
et  performances  en  opproche. 

S.S.T.  parametric  study  en  delta  wings 
(CHEKA.  1959). 
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La  figure  28  precise  cec  tench  nces  k  la  croisiere  K  =  2,2  dons  le  ca3  d'une  aile  delta  h  70°  de 
flbcne  :  ll  nous  fnllait  gagner  un  bon  tiers  de  finesse  adrodynaniquo  par  rappo- t  aux  anions  ailitaires 
existants  si  nous  vculion3  avoir  une  chance  d'Stre  conpetitifs  sur  le  onrchd  el'll.  Encore  fallait-il  que 
la  configuration  optinale  pour  le  vol  super3onique  soit  acceptable  au  deccllage  et  a  l'atiarrisoage  (  ici 
encore,  une  dtude  expdrinentale  prelininaire  contra  (fig*  29b)  que  le  suppldaen  de  portanc.'  tourbilion- 
naire  coopensait  suffisannent  la  perte  liee  a  l'accroisseoent  de  la  fldche  pour  que  la  portei  ce  globale 
soit  encore  acceptable  pour  des  fl&ches  uccentudes,  de  l'ordre  de  70°,  souhaitablea  pour  une  bonne  finesse 
supersonique  &  M  =  2,2  }  sioultandnent,  1' experience  nontrait  qi'un  bord  d'attaqno  pivrtant  (fig.  27H) 
peraettait  soit  d’augnenter  la  portance  a  l'approcbe  (accentuation  de  la  portance  tourbillonnaire  par 
bracuage  vers  It  haut),  soit  d'oceJiorer  la  finesse  en  nontde  et  en  croisiere  suloonique  (braquage  vers 
le  bas)  j  des  pcrtances  equilibrees  beaucoup  elevees  furent  obtenuoc  en  3oufflerit  gr^ce  i.  un  eepennage 
a  1'arriere  ou  a  un  plan  canard  (fig.  27G));  ur.  plan  canard  h.  volet  souffld  trfes  elficsce  fat  ensuite 
developpe  qui  pe -ait  de  doubler  Is  portance  d'approche  par  rapport  a  le  solution  "a .'ion  sans  queue” 
sans  interaction  adrodynacicue  grave  aux  grande3  incidences  (fig.  30). 


Fig.  30  -  Recherche*  sur  I'hypersuslentotion  d'une 
configuration  de  transport  supersonique  avec  un 
plan  canard  actif  aux  basses  vitesses. 

ONERA  •  Research  on  SST  lift  increase  at  lor,  speed 
»ith  a  canard  configuration. 


Fig.  31  •  Etude  experimental  preliminaire  des 
formes  d'un  projet  de  transport  supersonique. 

ONERA,  1959  -  First  experimental  approach  on  SST 
shapes  in  small  transonic  and  supersonic  tunnels. 


Sicultandnent,  des  dtudes  expericontales  prdlicinaires  en  transsonique  et  en  sunursonique  sur 
des  iiaquettes  siapli^idos  percottaient  d’orier.ter  les  choix  et  de  foumir  rapidecent  les  derivdes  adro- 
dynaciques  suffisantrs  au  stade  de  l'avant-projet  (fig.  31 )  ;  au  coars  de  cette  experinentation  nodeste, 
nous  avions  contra  1 ' inter? t  d'inverser  la  force  de  l'habitacle  pour  qu'il  participe  a  I'cquilibrage 
longitudinal  de  l'avion  en  croisiere  supersonique  (fig.  32)  tost  tn  percettant  une  bonne  vision  vers  le 
bas  a  l'approche  aux  grandes  Incidences... 

En  noveabre-  1959,  le  Service  Technique  Aeronautique  lanqait  de3  etudes  d'avant-projets  pour  un 
transport  supersonique  coyer,  courrier  (R  =  3000  ka,  8C  passngers,  Kach  cocpris  entre  2  et  3)  auquel 
repondnier.t  trois  conotructeurs  (Sord,  Sud,  Dassault)  ;  ii  est  interessar.t  de  rev oir  deux  des  ovant- 
projets  prdoer.tes,  tous  deux  ndaptds  h  one  croisiere  h  un  noctre  de  Kach  de  2-2,2  pour  pouvoir  utiliser 
une  structure  on  allioge  d'alur.iniua  : 

-  un  quadrirdacteur  a  aile  "gothique"  sons  eapennage,  par  Sud-Aviation  (fig.  33)  1 

-  ur.  cuadrireseteur  h  aile  delta  et  eepomsage  canard  "souffld",  par  G.A.H.  Depsrult,  dent  la  voilure  et 
les  prises  d'nir  s’ inspiraient  fortecent  du  boebardier  Mirage  IV  (fig.  34). 

Du  c8td  britanniquo,  un  cocitd  d'dtudes  rdunissant  les  organisces  d'Etat  et  l'Industrie  Aero¬ 
naut  nue  avait  dtd  erdd  des  1956  pour  ontreprendre  de3  recherches  adrodynaciques  et  structurales  sur  la 
force  a  dormer  h.  ur.  avion  dc  transport  supersonique  ;  en  I960,  la  British  Aircraft  Corporation  requt  un 
contrat  de"S3T  long  courrier  "capable  d'une  croisiere  a  K  =  2,2  ;  la  figure  35  tsontre  le  resultat  dc  cetto 
dtude  :  configuration  h  aile  gothique  et  nacelles  propulsives  integrant  chncune  trois  rdacteurs,  fuselage 


volutif  et  i.es  baseul’.nt  aux  bosses  vi  tosses.  Come  pour  le  projet  de  Oud  -Aviation,  cette  force  d-icoulait 
irecteuer.t  dec  rech^rchcr  cur  1  ,s  oiles  eianc eec  aor.ees  dans  ler-  deux  pays  ;  dec  196’.,  des  accords  fci- 
ateraux  2.A.C.-3CD  et  SEICTOL-oVECKA  etsient  conclus  pour  iStudier  en  concur,  ur.  long  courrier  qucdriraae- 
eur  directener.t  derive  des  avant-projetc  respectifo  ;  enf in,  la  decision  de  construire  ass  prototype:  de 
»  :ui  otcit  devenu  Concorde  fut  prise  nor  les  gouverne— ■’Sf  frcr.jnir  et  hri tar.r.isuc  or.  "oveubro  1962. 

Le  loncesent  do:;  avant-projeta  per  lo  Service  Technique  fmr.qais  ovait  ete  acconpagr.e  d’une 
nociiisotior."  d-s  coyens  de  recherche  et  d'onsais  de  i'OKEKA  au  benefice  des  cor.structeurs  : 

-  -pour  ce  qui  ccncerne  llaerodvr.eci-:..e  exterr.e.  dec  recherch.es  tr.eonquoo  entreprioes  pour  i'optinisation 
de  I'aile  elcncee  ccnduisirent  a  proposer  (fig.  27K)  unc  adaptation  de  see  fomes  &  Hash  1  dans  ie 
cadre  de  lo  t'r.eorie  des  corps  glances  pare*  cue,  sour  la  airs  ion  des"s  dee.  il  fnllmt  quo  I'avion  nit 
ur.--:  bonne  finesse,  non  ceulener.t  en  croisi? re  a  K  »  2,2  aaic  aussi  en  croioiere  subsor.icue  dventuello 
vers  K  =  0,93  (vol  a:-der cus  dec  regions  rensiblen  aux  bangs,  ca3  de  panne  d'un  noteur;  et  er.fin  cr. 
rigines  do  dircutener.t  et  d'ntter.to  vers  K  *=  0,75  ;  les  loin  de  vrillagc  et  cuzitrurc  e.leuices  per 
1 ' CSsRA  ocrviror.t  de  bare  a  1"  generation  de  la  voilure  de  Concorde. 

A  la  n@no  epcauc,  I'Oh’aRA.  ait  en  evidence,  a  la  souffleri-'  de  Cannes,  ur.  effet  de  sol  favorable 
j table,  sur  les  ailcs  elmceec  -ui  s'nicutait  au  gain  Ii4  au  dovelorpener.t  tourbillonnniro  r. ur  f  r^adcs 
r.cicences  do  decoll age  et  d'stterrirsago  ;  cc  double  byi. stage  fut  prouvt-  er.  sovi fieri:  puis  voi  :«r 
NAuA-Anes  gr'co  six  esc -hr  le  i'avion  oxporir.-ir.tal  ?-5u  equipe  d'ur.c  voil  ire  aj'.r.t  an  ccnts-r  voicin 
c  c'-lni  de  Concorde  {fig.  36). 

Snfin,  il  ctsit  vital  d'fitre  capable  d'etaMir  un  bl'.an  do  trainee  precis  da  projet  d-r.s  tout 
e  donaino  de  voi  en  extrapal<-:it  par  le  ceicul  les  resutr.tc.  clfenus  en  souffierie  a  des  neebres  is 


Fig.  34  -  Avont-projet  do  In  S*o  Dassault 
pour  un  T.S.S.  n-.oyen  courtier. 

French  Air  Ministry  -  July  196?  - 
5.5.7.  medium  range  preliminary  propose  Is 
C.A.  Marc*/  Dassault  project. 


Reynolds  g' un  orare  de  gran ieur  plus  fait1  e  qu’en  vol  ;  1c-  progresse  Concorde  pemit  pour  Is  cresiere  fois 
de  se  pencher  serieusener.t  j”.r  ir.  nesure  precise  de  In  i--ulr.de  on  soufflerie,  er.  tenant  coup  to  de  la 
fsition  de  la  transition  de  la  couche  lisite  ou  rn  isposant  artificielier.c-r. t  l'dco-lesent  turbulent  sur 
les  surfaces  avac  des  rugcsiies  calibrees  ;  gr£ce  a  den  essnis  sinutieux  effect  ids  sur  une  a£ae  sacuette 
du  projet  (fig.  57)  dans  let.  grandes  3cuffieries  trar.csomqueu  disponit~.es  er,  France,  er.  Angle’,  or  re  et 
en  HoJlar.de,  il  fut  possible  d'ottcrar  pour  la  preniore  foie  ces  correlations  correctes  entre  les  diffe¬ 
rent-  laborotoires  qui  furent  utiiisdc  pr  la  suite  pour  3s  developpeser.t  de  Concorde,  et  qui  le  sent 
encore  actue.iosent  pour  d* incessantes  aseiiorationc  sur  I'a’.'ior.  de  eerie. 

Deux  grands  prograccos  de  recherches  fondanen tales  en  soufflerie  puis  en  vol  furent  egclecent 
desar.des  \  1 1 0.'iSRA  par  le  .‘iervice  Technique  pour  verifier  la  vnlidite  dec  calculs  thdoriques  du  frotteoent 
er  de  l'euhauffeaent  cindtique  er.  fonction  dec  nostros  de  Mach  et  de  Reynolds  ;  ure  bonne  prevision  de 
ces  cara uteri stiques  r'tait  en  effet  vitale  pour  le  calcul  des  performances  et  1' evolution  de  l'dchauffe- 
ser.t  de  la  stricture  de  Concorde  en  croisicre  suparsor.ique. 

H* influence  des  ncstres  de  Reynolds  et  de  Hach,  ainsi  que  l'effet  de  la  rugesite  du  revdtenent 
de  I'aile  fut  etudie  par  l’analyae  de  la  couche  lisite  sur  l’extrados  de  i’aile  delta  du  fcosberdier 
Mirage  IV  rvoc  le  concours  de  la  Socidtd  Dassault  (fig.  27C)  entre  K  =  0,9  et  2,1  ;  des  easai3  siailaires 
aur  -one  f'si-aile  delta  er.  soufflerie  sur  foibles  nonbres  de  Reyuoi'  persirent  de  verifier  conver-afcleaent 
les  fonru.es  esploye*>s  pour  le  -al-ul  du  frottesent  turbulent  de  Concorde  dans  un  large  doscir.e  de  nosbres 
de  Reynolds  (fig.  38). 


Wf! 


:ll~  1£r. 


Fig.  35  •  Avon!  projot  do  la  B.A.C.  pour  un  T.u.S.  long  uourrior. 
Bristol  Aircraft  Ltd  5.5.7.  project  .  1)6] . 
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Fig.  36  -  Effets  favorables  d«  la  parlance 
tourbillonnoire  et  de  I’effet  d*  sol  pour 
une  aile  elancee  du  type  «Concorde». 

Vortex  lift  and  favourable  ground  effect  ofl 
slender  v,lngs. 
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Fig.  38  -  Trainee  de  froltement  an 
supersonique  sur  une  oile  delta  ; 
comparoison  du  calcul  avac  I’essai 
an  soufflerie  al  an  vol. 


Mton  friction  drag  at  supersonic  speed 
( M ^  -  2.15).  Corralat/on  between  the o- 
retlcal  estimation  and  experiments  in 
W.T.  and  in  flight. 


Fig.  37  •  Correlation  das  bilans  da  trofnee  sur 
I'avont -projet  da  (Concorde*  dans  les  grondes 
saufflerias  europeennes. 

Com paratlvo  tarts  on  the  transonic  and  supersonic 
drag  an  tho  Coi.corde  preliminary  design  model 
(scale  I /30th}. 
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L'dtude  experimental"  de  1 ' echauf feaent  cinitique  posait  des  problenes  tout  a  fait  nouveaux  et 
difficilea  do  cathodes  d'oosaio  et  d'instruci.ntation  ;  pour  cener  h  bien  cettc  rochercho,  une  s«rie  do 
voilures  delta  (fie-  27ii),  ayunt  un  revStecent  en  acier  inoxydable  porfoi ter.ent  cnlibrrf  et  cunies  d'un 
grand  noebre  de  thermocouples,  fut  essayee  nuccessiveaont  a  la  parol  d'une  ooufflorio  a  rnfeleo  chnudes 
(S3  Kodone)  ot  sur  un  niasile  expdricentnl  (D-6,  fig.  39)  ;  plu3ieurs  cissilcs  furont  tires  ct  lcs  cesurcs 
do  temperature  tdletrunsniocs  au  sol,  au  coura  du  vol  stabilise  au  voininace  de  K  =  2,2  ii  9  kn  d'nltitudo, 
percirent  de  oalouler  den  flux  therniquca  en  bon  accord  nvoc  ccux  ddduito  der,  esenio  en  eoufflerio  ;  par 
contre,  cos  valours  exporinentales  eteient  sensiblcnent  infcrieurco  a  colles  prevues  par  le  calcul  bese 
sur  le  facteur  clacsique  do  l'analogic  de  Roynoldc,  dont  on  put  ninsi  rectifier  la  valour. 


L'onsocblo  do  coo  rechcrches  do  point",  financdcs  sur  lo  proernnno  Concorde,  percirent  de 
forcer  une  pepinic-re  de  chercheurs  et  de  technicians  et  d’accliorer  conn iderabl oner. t  los  cathodes 
d'osoaio  au  sol  ot  on  vol.’ 


Four  tcroinor,  je  voudrnir.  evoquor  ler;  ieportantes  rcchcrchcu  d'nerodynaciquo  interne  qui 
furont  ontroprloen  doo  1958  h  l'OiiSJ iA  on  vue  du  doveloppocont  du  oyctece  propulsif  du  transport  ouperso- 
niquo. 
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Fig.  39  -  Recherches  theoriques  et  experimental*  sur  I’echauffement 
cinetique  ou  regime  de  croisiere  supersonique  de  *  Concorde*. 

ONE RA  *  Research  on  supersonic  kinetic  hooting  during  Concorde  study. 


D.i  experimental  mhtile  (3  stages) 


line  longue  experience  nv.nit  etc  accuinulee  our  les  pricer,  d'air  d'nvions  cupcr3oniquec  Eilitciree 
(fncilles  Mirage  XXI  et  17)  et  de  niscilos  experimentnux  a  stato-reactcuro  j  copendant,  come  pour  la 
cellule,  les  priced  d'air  d'un  transport  supersonique  deve.ient  ?tre  scncibleaent  plus  perforaantoo  cue 
colle3  dec  nvions  nilitniren  contenporaina  pour  obtenir  In  feible  consomaation  apdeifiquo  indispensable 
a ^un' grand  rayon  d'e.otion  ;  le  choix  o'est  porte  dor  lo  depart  nur  une  price  d'air  bidinensionnelle  a 
geonetrie  variable  ;  c-lculs  et  experiences  prelinir.niroc  au  courc  dec  avant-pro jetc  nontrbrent  rapidecer.t 
que,  pour  In  eroiriere  a  K  =  2,2  ,  et  or.  profitent  de  la  preconpreccion  favorable  de  l'nile  lorcque  la 
price  d'air  ent  plequdc  couc  la  voiluro,  la  eolation  "compression  ex torn©"  etnit  plus  oiaple  et  prsticuc- 
nont  aunsi  efficaco  riu'une  rolution  "cocpreccion  nixte"  ;  un  banc  d'ecoai  original  fut  installs  dans  le 
soufflerie  S3  de  l'OSERA  k  CHALAIS '  (nui  permit  la  nice  an  point  dec  rrupoe  de  compreccion  r.otilen,  ainci 
que  le  pi^ge  a  eouehe  limite  dont  le  r81e  eta  it  fondanentnl  pour  obtenir  un  ecoulenent  correct  au  droit 
du  rdacteur  i  cette  configuration  fut  adoptee  d'cmbldc  pour  le  projet  Concorde,  n"i3  le  doss in  dufinilif 
a  ovolud  nu  court;  du  developpenent  du  projet  a  la  suite  do  tree  noebroux  ossa  is  qui  so  poursuivont  encore 
dnne  pluoieurc  coufflericc  angl.-icea  et  frnnqaiccc,  ot  pour  losquoln  I'OU-.KA  ect  encore  dtroitcaont  lie 
aux  constructeurs  3KIAM/BAC.  (fig.  40a  :  montage  identique  a  celui  de  55  ch,  actuellenent  utilise  k  Vernon) 


En  cn  qui  cor.cerne  lee  tuyeres  propulsive:  ,  le  problemo  dtait  ciscore  plu3  difficile  car  noo 
connaicsancoa  et  non  coyer.:,  d'ornnir  /talent  tout  a  fait  ir.cuffic.ntc  au  aonont  de  l'evnnt-prolot  ;  il 


Fig.  40o  -  Montage  experimental  pour  I'optimisolian  Jet 
prises  d’air  doubles  de  « Concorde*  dons  lo  soufflerie  a 
densite  variable  du  L.R.B.A.  b  Vernon. 

OHERA/LRBA  (Vernon)  -  'Hind  tunnel  tests  on  Concorde 
twin  inlet  ot  high  Reynolds  numbers. 
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Fig.  4l»b  •  Montag*  *r.p*fim*ntal  pour  l’*tude 
dot  bilsns  propuisif*  sur  i*s  tuy«r*s  d* 

•  Concord* >  don*  to  souffl*ri*  S5  d*  Cnoioi*. 


CHER  A  55  -ind  tunnol  Chat  alt  .  Thrust  and  rfrop 
on  Concord*  nccclt*  oft  or -hr  df  (SHECtdA). 

Scot*  :  1/20. 


Adjvittbl* 
wln4-ttMM*l  ami* 

85  <  M  <  2.1?*  . 


Bslanc*  wit* 

3  coaxial  j*l», 

!*  fix  M.tinf 
chonbot. 


zi-.z  a  pas  les  performances  dec  tuyeres  de  Concorde  dans  les  differents  dcnair.es  du  vol,  en  collaboration 
etroite  avoc  les  construe  tears  SKSCKA/Rolls-Royce  ;  sinul  tenement,,  1'OiEBA  participe  aux  etudes  accustiques, 
theoriques  et  expericentales,destii'ees  a  r  .duire  le  niveau  de  bruit  de  ces  tuyeres. 

Au  cours  du  developpesent  du  projet  Concorde,  1'CIiTRA  a  egalenent  fourni  une  assistance  technique 
continue  aui  cons true teurs  dans  ie  donaine  de  1'aeroelasticite,  psrticulierener.t  important  pour  cette 
configuration  A  voiiure  tree  couple  :  participation  aux  calculs  de  la  structure,  esssis  de  vibrations  au  sol 
cur  ie  prototype,  etude  du  flottener.t  sur  nnqvettes  a^roelectiqueaent  semblables  en  soufflerie,  analyse 
en  voi  de  lo  rcponco  de  1 1  avion  a  la  turbulence,  etc... 

2.2.5  -  Avion  a  fleche  variable 

Pour  terminer,  je  voudrais  evoquer  brievenent  le  r51e  que  l'OSERA  Joua  avaxit  *t  au  cours  de 
X'ayar.t-projet  d'un  avion  cul t i-nisaiorji  a  geondtrie  variable  t 

£n  1963,  le  Service  Technique  de  l'Aeronautique  desanda  A  I'OJCutA  une  dtude  j2ndrale,  A  la 
feis  theoricue  et  "pdrinertale,  sur  le  principe  de  la  flAuhe  variable  et  simultandoent  a  la  Soci6td 
Breguet,  d'sntreprei.ute  une  etude  d'avant-pre jet  3ur  un  avion  de  combat  multi-missions  ( fig. 41 )  j  peu 
apres  une  etude  analogic  etait  demands  a  la  Socidtd  Dassault  qui  devait  *tre  suivie  de  la  coma  ode  A 
cette  Societi  d'un  prototype  experimental  conoreacteur, le  Mirage  G,en  octobre  1965  ;  25  aois  plus  tard, 
l'appareil  er.treprenait  3 on  premier  vol  et  una  grande  partie  de  l'envelocpe  de  vol  etait  explore  dans 
les  deux  mois  qui  suivirer.t  (debut  1968)  ;  le  succee  incontestable  de  ce  programme  et  la  raplditd  de  son 
execution  justifie  le  bier,  fonde  d'une  politique  de  prototype  basAe  sur  l'expdrience  acquise  sur  des 
appareils  anterieurs  ;  la  Societe  Dassault  avait  en  effet  r«pris,  pour  la  aise  au  point  d'un  concept 
nouveau  (cile  A  fleche  variable),  la  plupart  des  Elements  d4j&  ^ prouvea  en  vol  sur  1: avion  experimental 
A  fleche  fixe  Kircge  (n?me  reacteur  Frf-1F- 306,  s8me  fuselage  avec  prises  d'air  latArales  et  tuyAre 
deja  quaiifice3,  empennage  honsortal  pivotant  pratiquecer.t  identicue,  voir  figure  8). 

Du  c8te  de  l'ONERA,  il  s'agissait  ici  de  fouvr.ir  tres  rapidement  des  donndes  adrodynatiques 
sur  des  configurations  tout  a  fait  nouveiies  peur  noun  (les  etudes  dtrangeres  dtant  alors  classifies), 
et  ceci  dans  un  combine  dber.du  de  noebres  de  Mach. 

Ceper.dant,  svx  1“  plan  theorique,  nous  avions  acquis  A  cette  epoque  une  bonne  naltrise  dans 
1'utilisatior.  dC3  analogies  eiectriques  Feres-Xnlavard  pour  le  c-alcul  des  surfaces  portantes  en  dcoule- 
nent  subsor.icue  (fig.  42)  ;  par  ailieurs,  ce  c?ce  laboratoire  venait  de  oettre  au  pdint  une  mdthode 


Fig.  41  -  Avoat-ptojet  3r*gu*t  d’ avion  muili-ntissions  6  fitch*  voriobl*. 
French  Ah  Mfanfry.  Vortoklo  lw**p  ptolitcinory  dotijn. 
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aaalogique  de  calcul  des  ailes  en  supersonique  basee  sur  l'utilisation  d'un  rboeau  inductance/ capacity  ; 
enfin,  la  Division  d'Adrodynaaicue  thecriqun  avait  deveioppd  a  cetta  dpoque  des  met hades  dprouvdes  d* 
caicui  nusdrique,  auosi  bien  pour  1' optimisation  d'ure  voilure  a  Mach  T,4ans  la  cadre  de  la  theorie 
des  corps  dlancds, que  pour  le  calcul  des  ailes  ds  ferae  en  plan  quelconque  en  supersonique, 

Sur  le  plan  eipdricental,  il  dtait  .ndispensable  de  pouvoir  verifier  rapidesenx  en  scuffierio 
la  validity  de  ces  diffdrentes  approche3  theonques  3ur  des  aaquettes  schdcatiaues  ;«i  utilise  par 
exeepie,  pour  obtenir  les  derivdes  adrodynaniques,  des  faaxlles  d’ailes  plates, dont  la  construction 
dtait  rapide  et  bon  sarchd,  auosi  bien  er.  inccapreasible  ou'en  tisnr-sonique  et  supersonique  (fig.  43). 

Tons  ces  coyens  de  calcul  et  d'essais  nodestes  fur=nt  utilises  siaultandaent  pendant  un  an 
environ  3ur  I'dtude  paraadtrique  d'une  faaille  d'ailes  a  fieche  van&ole  t  on  e'dtait  fixe  la  afee  force 
en  plan  en  configuration  ddployde,  et  differentes  positions  du  pivot  aasurant  la  rotation  de  1'aile  no- 
bile  Jusqu'a  une  fleche  de  10°  (fig.  44)  ;  I'dtude  analogique  aor.tra  que  le  recul  du  centre  de  pousoee 
entre  les  fleohes  extrSnes  (15°  et  70°)  variait  lindaireaent  avec  la  position  du  pivot  en  envergure  ; 
dans  ces  conditions,  il  existait  une  position  excentrde  de  ce  pivot  conduissnt  &  ur.e  atabilite  longitu- 
dinale  identique  aux  rdgiaes  extrdaes  de  fonctionneoent  (ailes  ddployees  ct  replides)  ;  toutes  ces 
caractdristiques  theoriques  en  incoapressible  furent  rapideaert  confiraees  par  1* experience  dans  la  eouf- 
flene  de  Cannes  (fig.  43  a)  ;  ces  essais  perairent  egsleaent  de  settre  en  evidence  des  troubles  de 
atabilite  longitudinals  aux  grar.des  incidences  avec  les  ailes  ddploydes  lorsque  la  surface  de  l’apex 
fixe  devenait  iaportante  (cas  d'un  pivot  excentre  souhai table  par  oilleurs  pour  ur.e  aarge  statique  peu 
sensible  a  la  aise  en  fl^ehe). 


Fig.  42  •  Utilisation  des  analogies 
electriques  pour  is  calcul  d  une 
familie  d'ailes  b  fiich*  variable. 

ONcRA  •  Sasic  nstarch  on  variabh 
sweep  concept.  TWoretico/  opproocb 
with  rfceo  electrical  analogy  method. 


Fig.  43  -  Essais  preliminaires  sur  une  familie  de  configurations 
o  flecht  variable  pour  yerifier  I'etude  parametrique  theorique. 

ONER  A  .  preliminary  tacts  to  c  back  theoretical  opproachs  on  variabl e 
sweep  aircraft  concept. 
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Fig.  44  -  Influence  d*  to  position  on  envtrgur* 
du  pivot  sur  uno  fomill*  d'oitos  e  flech*  voriobl*  ; 
comparison  thoouos/  experiences  on  sub  ot 
supersoi'iqu*. 

Sasic  thaoraticol  and  axpatimantal  rasa oicfi  an  vorloblo 
swoop  concept  at  OHERA  bafora  tha  pcaliminaty  datign 
program. 

i 

Fig.  45  -  Etude  theorique  (M  -  1)  d'une  combrure 
coniqut  au  bord  d'ottoque  sur  fail*  repliee. 

7 hooroticol  approach  for  o  L.E  conical  combat  on  o 
variable  swoop  configuration. 
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Fig.  46  -  Lo  reehtrebe  a  long  terms  doit  prendre  to  relive  de  i'assistonce 
-•■'chnique  qui  diminue  en  periods  de  crise,  pour  maintenir  to  pisine  octivite 
des  laboratoires  ceronoutiques. 


Ce  dernier  exeaple  nontre  qua  le  Centre  de  Recherches  pent  Stre  efficace  au  stade  de 
i'avant-projet  evec  un  budget  aodsste  .jr£ce  a  ur.  reaps  de  rdponae  extrdoecent  court  ebte:...  ^or  la  "oobi- 
lisation*  de  petits  groupea  de  cherct.ours,thdoricien8  et  experts ’r.tsteurs,  our  un  objectif  bien  defini  et 
en  liaison  directs  a vec  )ea  futura  utiliaateurs. 

2.3  -  COHCL’JSIQgi 

A  pr.rtir  d’un  certain  noabre  d'experiences  vdcues  en  France  au  cours  des  deux  dernieres 
ddeennies,  j’ai  eacayd  de  aontrer  qu*il  avait  dtd  souvent  rentable  d’associer  le  laboratoire  de  recherche 
au  laacesent  d’u*  avant-pl'ojet  d1  avion  nouveau,  le  cons tructeur  continuant  ensuite  h  fairs  appal  h 
I'assrstsnce  technique  de  ce  laboratoire  au  cours  du  develcppeaect  du  projet  et  apres  lea  preoiera  vols. 

II  faut  reconnattre,  et  ddplorer,  qu'un  tel  processu8  est  de  plus  er.  plus  rare  actueileneni, 
dans  la  alupart  des  pays,  pour  plu3ieures  raisons  qui  sont  d'ailleurs  lidea  entre  elles  : 

-  rarefaction  dec  projeta  nouveaux. 

-  paa  da  politique  adronautique  b  long  terse, qui  pvreettrait  le  ddveloppeaent  d'avions  expdriaentaux, 

-  aapleur  financiers  et  coaplexite  des  quelque#  projets  restants,  qui  sont  aloro  confies  dire'-teaent  a 
des  groupexents  de  conatructeurs,  souvant  ault;»'t..ionnux. 

Cette  dvolution  rend  dvideeaent  plus  rare  et  difficile  le  dialogue  direct  entre  services  offi- 
ciela,  conatructeurs  et  laboratoireo  au  stade  de  t’avant-projet  ;  de  plus,  en  raison  du  risque  fin.  me  tar 
b  prendre  iorsque  le  projet  n’est  paa  "conservatif”,  il  est  de  plus  en  plus  difficile  d’introduire  des 
iddes  nouvelles  h  q#  atod*  ;  e’eat  pourquoi  le  rftle  deo  services  Officiela  doit  4tre  dgaleaer.t  do  la.’cer 
des  recherches  gdndralea  propros  b  ausciter  des  iddes  nouvelles  longteape  en  aaont  du  lanceoent  des 
projeta  chet  leo  conatructeurs,  afin  que  cee  iddes  aoiont  directeaent  applicables  le  zosent  venu. 

Cette  action  "pilot*"  ost  port,  ulibresent  indispensable  au  teaps  des  crises  touchant  cyclique- 
aent  1'adronautique,  pour  que  le  Centre  de  Recherche  ne  aubisae  pas  ces  caprices  de  l’activitd  industriel- 
le  (fig.  461  ;  ur.  progress*  de  rcchercr.ee  b  long  terse  peraet  d#  coapenser  la  baiase  aosentand*  de 
I’aasistance  technique  et  assurer  1*  plein  eaploi  d'un  personnel  hauteaeat  qua) if id  ;  e'est  dgsleaent  la 
ae.ileure  ealutier.  pour  que  le  laboratoire  ait  un  court  teaps  de  rdponae  aux  desandea  des  constructeur* 
dans  les  pbriodes  fas  tea  ou  plusieurs  projets  sont  'needs  siaultandze&t. 
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COMPUTERIZED  PRELIMINARY  DESIGN  AT  THE  EARLY  STAGES  OF  VEHICLE  DEFINITION 

by 

Thomas  J.  Gregory 

Chief,  Advanced  Vehicle  Concepts  Branch,  Ames  Research  Center,  NASA 
Moffett  Field,  California  94035,  USA 


SUMMARY 

The  conceptual  and  preliminary  design  processes  are  used  to  provide  information  regarding  the 
feasibility  ^nd  selection  of  various  approaches  to  aircraft  mission  requirements.  Decisions  influenced  by 
this  information  often  have  enormous  cost  implications  at  the  later  stages  of  the  development  process  and 
during  vehicle  operation,  yet  the  resources  expended  during  the  early  phases  are  usually  relatively  small 
and  distributed  over  several  alternate  approaches.  The  information  provided  during  thes«  early  conceptual 
and  preliminary  design  phases  needs  to  be  credible  and  complete,  even  though  it  must  be  generated  with 
limited  resources.  This  paper  describes  criteria  for  acceptance  of  early  design  information,  modern 
methods  of  providing  it  and  suggestions  for  defining  adequate  levels  of  resources  to  accomplish  the  objec¬ 
tives  of  the  activity.  Specific  examples  of  the  most  difficult  type  of  early  design  studies,  which  are 
those  requiring  significant  undeveloped  technology,  are  used  to  discuss  these  points.  The  examples  include 
design  studies  and  cost  estimates  of  liquid  hydrogen  fueled  aircraft,  oblique  winged  aircraft,  and  remotely 
piloted  vehicles. 


INTRODUCTION 

The  preliminary  design  process,  if  used  effectively,  can  save  aircraft  system  costs  during  the 
development,  acquisition  and  operation  of  future  vehicles.  The  key  to  this  saving  is  adequate  exploration 
of  the  many  design  approaches  suggested  during  the  early  oofinition  of  the  vehicle  concepts  and  the  selec¬ 
tion  for  further  study  of  those  concepts  that  indicate  significant  saving.  In  many  cases,  promising 
approaches  are  discarded  prematurely  because  there  are  not  sufficient  resources  to  investigate  many  of 
them.  Instead,  there  is  a  tendency  to  focus  on  the  most  conventional  approach  as  a  baseline  and  then  to 
increase  the  design  effort  on  this  concept  (or  'cinor  derivatives)  to  provide  confidence  in  the  approach. 

The  result  is  a  credible  but  unimaginative  de.  ign  that  does  not  indicate  the  potential  of  other  approaches. 

How  can  this  comnon  occurrence  in  the  early  design  process  be  avoided  when  the  resources  available  for 
the  conceptual  and  preliminar;  design  phases  are  limited?  One  distinct  possibility  is  to  increase  the 
efficiency  of  the  design  process  at  these  early  stages  by  the  use  of  computerized  and  automatic  methods. 
Design  concepts  can  then  be  evaluated  rapidly  using  accepted  engineering  computation  methods.  A  considerable 
quantity  of  valid  information  from  this  process  can  then  be  used  to  help  select  the  most  promising  concepts 
for  additional  stjdy  and  design. 

Most  agencies  and  companies  have  developed  computerized  tools  for  preliminary  and  conceptual  design 
(Refs,  i  through  9);  tnese  program-,  have  been  used  to  a  large  extant  in  recent  years  in  providing  informa¬ 
tion  for  future  vehicle  concepts  (h?fs.  10  through  14).  These  programs  usually  take  the  form  shown  on  the 
first  figure,  which  indicates  the  individual  disciplines  required  in  the  aircraft  ea-ly  design  process.  In 
each  discipline  the  design  function  is  mathematically  modeled  to  an  appropriate  level  and  the  results  inte¬ 
grated  to  provide  a  vehicle  definition  for  a  specific  mission.  This  general  arrangement  is  common  to  many 
of  the  programs,  but  the  method  of  interconnection,  the  level  of  detail  and  the  emphasis  on  particular  air¬ 
craft  types  are  used  to  distinguish  between  these  programs.  Tie  Ames  Research  Center,  NASA,  aircraft 
synthesis  program,  called  ACSYNT,  uses  the  comnon  arrangement  shown  in  Fig.  1  and  will  be  used  here  'o  help 
describe  the  general  features  ir-  computerized  preliminary  design  programs  and  the  trends  toward  improving 
their  usefulness,  efficiency,  and  credibility.  Suggestions  are  offered  regarding  the  approximate  level  of 
resources  required  to  develop  and  utilize  these  types  of  pregrams. 

DESIGN  LEVELS 

Prior  to  describing  the  characteristics  of  the  computerized  preliminary  design  process,  it  is 
important  to  understand  the  objective  end  scope  of  the  activities  at  the  early  stages  of  vehicle  definition. 
The  primary  purpose  at  these  leveis  is  to  provide  technical  and  economic  feasipility  information  for  guid¬ 
ing  larger  efforts  during  the  detailed  design  phases.  It  is  important  to  realize  this  purpose  and  not  con¬ 
fuse  it  with  the  detailed  or  final  design  process,  where  the  objective  is  to  provide  enough  information  to 
build  the  Vehicle  or  to  develop  a  careful  plan  to  build  it.  In  order  to  help  define  the  appropriate  level 
of  detail  to  meet  the  objectives  at  the  early  design  stages.  Fig.  2  shows  the  defintion,  used  at  Ames, 

NASA,  of  four  design  levels  in  aircraft  development. 

The  conceptual  level  is  characterized  as  the  idea  stage  during  which  form,  err.  ectivity,  component 
placement,  and  approximate  s’ze  are  defined.  At  this  stage,  limited  engineering  calculations  are  performed 
to  provide  a  three-view  drawing  and  cross  sections  showing  approximate  placement  and  size  all  the  major 
veMcle  components.  An  equally  important  output  is  a  list  of  attributes  based  on  physical  principles  that 
suggest  the  reasons  this  system  has  potential.  This  list  and  the  physical  principles  help  the  advocate  of 
an  idea  to  define  the  source  and  limits  of  the  potential  improvements  that  are  expected  from  his  idea. 

This  stage  usually  requires  little  resources  and  yet  is  a  primary  source  of  ideas.  Significantly  increased 
resources  are  needed  to  evaluate  these  ideas  end  compare  them  with  other  approaches.  Emphasis  in  the  con¬ 
ceptual  stage  n  on  clear  definition  of  the  idea  and  the  theoretical  or  empirical  basis  for  suggesting  why 
the  concept  has  merit.  Little  emphasis  or  reliance  is  placed  on  the  simplified  and  isolated  computations 
that  may  suygest  what  the  quantitative  performance  of  the  concept  is. 

At  tne  next  design  level,  preliminary  des'gn,  these  concepts  are  tentatively  evaluated  with  simplified 
and  rapid  engineering  computations  in  a  balanced  effort.  At  this  point,  the  emphasis  is  on  the  quantitative 
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measures  of  performance  In  order  to  make  comparisons.  For  these  computations,  standard  methods  of 
analysis  are  used  and  historical  correlations  are  relied  upon  for  validity.  However,  with  concepts  that 
are  novel  or  unusual,  the  existing  engineering  approaches  may  not  be  well  suited,  especially  when  they 
rely  on  empirical  approaches  that  do  not  match  the  study  concept  closely.  Under  these  circumstances, 
significant  theoretical  study  is  required  to  validate  the  performance  of  the  design.  This  key  area  will  be 
discussed  later  in  describing  the  resources  needed  in  the  computerized  design  process. 

Figure  2  indicates  that  the  output  from  the  preliminary  design  process  provides,  again,  a  three-view 
drawing  showing  computed  shape,  size,  and  connectivity  as  well  as  computed  multi -element  weight  and  cost 
statements.  The  results  also  include  description  of  the  computed  aerodynamic,  structural,  and  propulsive 
performance  parameters.  Note  the  emphasis  is  on  computation  of  the  results,  since  this  quantified  infor¬ 
mation  is  used  to  compare  with  other  results  in  the  selection  process.  At  this  level  of  design,  analytical 
calculations  (both  theoretical  and  empirical)  are  usually  relied  upon  entirely;  however,  these  need  to  be 
based  on  experimental  correlations  and  information  from  past  or  current  experimental  research  programs.  In 
the  preliminary  design  sta'  s  as  defined  here,  no  experimental  work  is  directed  to  design  verification. 

This  wo^k  is  left  for  the  detailed  design  stage. 

Figure  2  Indicates  that  the  detailed  design  stage  emphasizes  accurate  and  detailed  investigation  of  a 
fixed  configuration  but  does  include  tradeoff  studies  to  improve  and  refine  the  vehicle  performance.  Major 
design  concept  changes  usually  are  not  permitted  unless  conducted  in  parallel  detailed  studies.  This  level 
of  design  usually  is  augmented  by  experimental  verification  in  the  aerodynamic  and  possibly  critical 
structural  areas.  The  major  output  of  this  activity  is  the  detailed  assembly  drawings  with  specific  defini¬ 
tion  of  the  major  components  and  a  careful  plan  indicating  the  schedule  and  resources  required  for  the 
development,  acquisition,  and  operation  of  the  vehicle. 

In  the  final  design  level,  the  objective  is  to  provide  the  component  and  assembly  drawings  for 
construction  of  the  vehicle.  An  integrated  computerized  process  to  perform  this  activity  has  been  studied 
(Refs.  15  and  16),  but  has  not  been  implemented.  Of  course,  mechanized  drafting  and  preoaration  of  tapes 
for  numerically  controlled  tools  are  done  at  present  on  a  nonintegrated  or  isolated  basis.  These  functions 
are  key  elements  in  automated  design  that  may  be  expected  to  evolve  into  integrated  final  designs  in  the 
future. 

PRELIMINARY  DESIGN  STUDY  REQUIREMENTS 

The  focus  of  this  paper  is  on  the  conceptual  and/or  preliminary  design  level  and  not  the  detailed  and 
final  design  level  as  defined  above.  What  are  the  requirements  for  effective  computerized  conceptual  and 
preliminary  designs  at  these  early  stages  of  vehicle  definition?  Figure  3  indicates  the  main  features  or 
characteristics  found  in  these  programs.  First,  the  programs  usually  are  extremely  modular  so  that  the 
functions  to  be  performed  are  clearly  separated  and  can  be  assembled  to  perform  various  sequences  of  com¬ 
putations,  depending  on  the  problem.  Modularity  is  very  important  since  each  module  of  a  synthesis  program 
should  te  verified  on  an  individual  basis  prior  to  integration  with  others.  Modularity  also  greatly  simpli¬ 
fies  data  transfer  and  error  identification  during  program  development  and  operation.  Each  module  provides 
the  intermediate  data  from  a  particular  discipline  that  are  required  by  other  modules  as  well  as  the  final 
data  from  that  discipline  that  are  needed  for  adequate  vehicle  definition. 

The  concept  of  extreme  modularity  actually  leads  to  more  simplification  in  obtaining  a  truly  integrated 
design  procedure.  A  control  program  is  csed  to  exercise  the  individual  modules  and  the  data  from  these 
modules  are  transferred  to  other  modules  for  additional  computations.  In  many  computerized  design  processes, 
transfer  of  input  and  output  between  programs  (integration)  is  not  well  developed;  in  some  cases,  it  is  per¬ 
formed  manually.  Integration  of  the  individual  modules  that  make  up  a  program  can  be  accomplished  in  either 
of  two  ways.  First,  it  is  possible  to  connect  the  basic  analytical  modules  that  estimate  the  information  in 
a  particular  discipline;  for  example,  aerodynamic  modules  may  compute  lift  and  drag  directly  from  vehicle 
geometry.  Another  method  is  to  use  these  modules  on  an  isolated  oasis  to  develop  scaling  information  vor 
estimating  changes  in  a  precomputed  baseline  concept.  In  most  cases,  the  scaling  programs  can  be  considerably 
simplified  and  require  minimum  resources  to  develop  or  operate.  However,  the  resources  necessary  to  perform 
the  baseline  design  and  then  develop  the  scaling  relationshiDS  are  the  major  part  of  the  whole  effort.  The 
total  resources,  both  engineering  man-hours  and  computer  time,  necessary  to  perform  a  design  using  the  scal¬ 
ing  approach  actually  are  comparabl'  to  the  direct  method.  In  addition,  the  scaling  relationships  usually 
are  simplified  by  omitting  parameters  of  secondary  importance,  whereas  direct  use  of  basic  modules  to  com¬ 
pute  performance  in  each  discipline  assures  the  incorporation  of  all  parameter  effects  as  accurately  as  they 
are  being  modeled. 

Design  programs  that  use  scaling  information  are  well  suited  to  computations  in  the  later  stages  of 
design,  where  computations  in  each  of  the  disciplines  becomes  much  more  detailed  and  time  consuming,  and  yet 
updates  on  the  configuration  design  are  required  on  an  almost  continuous  basis.  However,  at  the  early  stages 
of  preliminary  design,  direct  transfer  of  information  between  programs  that  provide  basic  data  can  be  a  more 
flexible  and  usable  approach  than  the  use  of  scaling  programs. 

Another  characteristic  of  aircraft  synthesis  programs  is  the  capability  to  provide  calculations  at 
different  levels  of  detail.  Simplified  computations  are  required  to  estimate  the  initial  characteristics 
of  the  vehicle  so  that  more  detailed  computations  in  each  discipline  area  can  proceed.  In  an  efficient 
integrated  program  the  selection  of  the  appropriate  levels  is  under  control  of  the  designer.  At  Ames 
Research  Center,  these  design  levels  are  characterized  by  the  descriptions  given  in  Fig.  4.  Note  that  at 
each  level  there  is  sufficient  Information  for  a  completed  design  in  terms  of  the  quantitative  measures 
indicated  earlier.  The  primary  reason  for  increased  level  of  detail  is  to  incorporate  more  credible 
methods.  The  computation  time  and  cycle  time  required  to  complete  a  vehicle  design  increase  significantly 
with  the  level  of  detail  in  the  computations.  Since  a  major  requirement  in  preliminary  design  is  the 
assessment  of  many  ideas  that  have  been  selected  for  study,  it  is  particularly  important  that  these  alter¬ 
nate  approaches  be  compared  rapidly.  A  guideline  for  the  development  of  the  Ases,  NASA,  ACSY.fl  program  is 
that  a  vehicle  analysis  in  Level  I  requires  less  than  one  minute  of  computer  time  (IBM  350/67)  jnd  In 
Level  II,  squires  less  than  five  minutes.  A  vehicle  studied  to  design  convergence  usually  requires  two  to 
five  vehicle  analyses.  Design  convergence  means  thzt  the  vehicle  performs  the  specified  mission  within  a 
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stated  tolerance  and  that  all  computations  are  performed  on  essentially  the  correct  configuration  geometry 
and  weight.  Unless  design  convergence  Is  accomplished,  results  for  different  approaches  cannot  be  compared 
closely. 

An  important  required  output  in  the  computerized  preliminary  design  process  Is  sensitivity  Information 
that  permits  an  assessment  of  critical  areas.  Extreme  sensitivity  can  lead  to  discarding  a  design  or  indi¬ 
cate  the  need  for  technology  Improvement  before  the  design  can  be  considered  feasible.  Figure  5  shows  an 
example  of  the  sensitivity  information  provided  by  the  ACSYNT  program  during  the  assessment  of  an  oblique 
winged  transonic  transport  at  Ames  Research  Center.  The  oblique  winged  airplane  (Ref.  17)  is  a  unique 
approach  to  high  aerodynamic  efficiency  at  cruise  and  good  low-speed  characteristics.  Sensitivity  is 
defined  as  the  percentage  change  In  a  performance  measure  due  to  a  percentage  change  in  the  parameter  (i.e., 
the  percent  change  in  gross  weight  due  to  a  percent  change  in  a  mission  or  a  vehicle  parameter}.  There  are 
three  categories  of  parameters  for  which  sensitivity  information  is  usually  desired.  The  first  category 
includes  the  mission  parameters  such  as  range,  payload,  turn  rates,  endurance,  >.tc.  The  second  includes 
the  vehicle  design  parameters  such  as  wing  loading,  wing  aspect  ratio,  body  fineness  ratio,  etc.  The  third 
category  includes  the  efficiency  parameters  such  as  engine  compressor  efficiency,  span  load  efficiency, 
minimum  drag  coefficient,  etc. 

Sensitivity  to  mission  parameters  indicates  the  ease  or  difficulty  with  wnich  the  general  concept  can 
perform  the  specified  mission,  that  is,  feasibility.  Sensitivity  to  parameters  in  the  second  category 
provides  Information  for  optimizing  the  vehicle,  since  this  is  essentially  gradient  information  indicating 
the  direction  of  improved  performance  measure. 

Sensitivity  information  from  the  third  category  is  used  to  identify  overall  improvement  in  the  vehicle 
due  <■"  changes  in  the  technology  of  a  specific  area.  Thia  type  of  information  helps  focus  research  on  the 
most  significant  areas. 

Sensitivities  which  can  be  provided  automatically  by  the  ACSYNT  program  are  difficult  to  obtain  in 
manual  design  processes  and  therefore  usually  are  not  provided.  In  computerized  early  design  they  are 
readily  computed  and  should  be  required  as  part  of  the  study  results. 

Another  Important  requirement  in  computerized  preliminary  design  is  the  need  to  provide  optimization 
and  tradeoff  type  calculations  that  result  in  the  best  performance  for  a  vehicle  concept.  Figure  6  shows 
the  results  of  an  automatic  seven  parameter  search  for  a  minimum  gross  weight  airplane  design  to  perform  a 
remotely  piloted  research  vehicle  mission.  This  remotely  piloted  vehicle  was  constrained  to  a  specified 
level  of  performance  in  terms  of  sustained  turn  rates  at  two  different  Mach  numbers  and  altitude  conditions. 
The  optimization  process  selected  the  best  combination  of  wing  area,  sweep,  thickness  ratio,  taper  ratio, 
vehicle  tnrust-to-weight  ratio,  body  diameter,  and  body  fineness  ratio  to  perform  the  mission  with  its  con¬ 
straints.  Note  that  the  design  variables  did  not  change  significantly,  yet  the  vehicle  weight  changed  by 
271.  Unless  these  types  of  optimizations  are  performed,  the  study  concepts  have  poorer  performance  than 
necessary,  which  makes  comparisons  less  valid.  The  cod?  to  perform  this  constrained  minimization  (Ref.  18) 
has  been  applied  to  many  different  types  of  engineering  computations,  andls"  useful  in  suboptimization  in 
the  individual  discipline  modules. 

Another  example  of  the  use  of  the  optimization  process  is  shown  in  Fig.  7  in  which  a  liquid  hydrogen 
fueled  hypersonic  aircraft  was  optimized  for  maximum  passenger  loed  by  changing  the  geometric  characteris¬ 
tics  of  the  vehicle  (Ref.  11).  The  vehicle  propulsion  system  also  was  optimized  automatically;  in  this 
case,  the  use  of  an  automatic  procedure  was  extremely  important,  since  the  problem  complexity  wculd  have 
required  considerable  engineering  time  to  resolve  by  manual  methods.  Here,  the  propulsion  system  consisted 
of  three  engines:  a  ramjet;  a  turbojet;  and  a  rocket.  The  problem  was  to  maximize  the  passenger  load  sub¬ 
ject  to  a  sonic  boom  constraint.  Optimization  was  accomplished  by  manipulating  the  size  of  each  of  the 
three  propulsion  systems,  which  operated  simultaneously  in  the  transonic  region,  and  determining  the  appro¬ 
priate  time  for  the  rocket  to  ignite  and  shutdown.  This  optimization  permitted  the  computation  of  maximum 
passenger  loads  for  a  given  gross  weight  vehicle  as  a  function  of  the  sonic  boom  constraint  as  shown  in  the 
figure.  For  unusual  aircraft  concepts  such  as  in  this  example,  it  is  very  difficult  to  select  combinations 
of  design  parameters  on  the  basis  of  intuition;  automated  optimization  is  therefore  essential. 

CRITERIA  FOR  PRELIMINARY  DESIGN  INFORMATION 

The  computerized  preliminary  design  process  should  include  the  information  described  earlier,  that  is, 
nn.l  information  from  each  of  the  discipline  areas  at  various  levels  of  detail,  sensitivity  of  the  vehicle 
to  mission  and  vehicle  parameters,  and  optimization  of  the  vehicle  geometry  and  design  parameters.  In  addi¬ 
tion,  these  results  should  be  presented  so  that  the  user  has  an  assessment  of  the  accuracy  and  the  credibility 
of  the  information.  Ar,  effective  means  of  providing  this  credibility  is  to  show  the  results  in  combination 
with  correlation  attaepts  In  the  individual  module  or  discipline  areas.  For  example,  in  the  aerodynamics 
area,  correlations  between  the  analytical  results  ard  experimental  data  should  be  provided  as  part  of  the  pre¬ 
liminary  design  process  output.  Figure  8  shows  the  correlation  of  the  estimated  high  angle  of  attack  ae»*o- 
uynamic  characteristics  as  predicted  by  analytical  method1,  and  al.,0  shows  a  comparison  with  experimental 
results  from  a  study  aircraft.  These  comparisons  can  be  used  to  provide  statistical  information  regarding 
standard  deviations  and  proba&lt,  errors  that  indicate  the  accuracy  expected  fiom  each  of  the  discipline  areas. 
This  security  information,  when  combined  with  tne  sensitivity  information  described  earlier,  gives  an  overall 
assessment  of  the  accuracy  o'  the  results  of  the  studies.  For  example,  if  the  probable  error  in  estimating 
drag  at  high  lift  is  IDS  and  tte  vehicle  s eight  sensitivity  to  this  parameter  is  0.7,  then  the  probable  error 
in  gross  weight  due  to  drag  it  high  lift  is  7*.  This  type  of  Information  should  be  provided  routinely  to  the 
users  of  preliminary  oesign  results  so  that  they  are  not  misled  by  small  differences  between  alternate 
design  concepts. 

An  additional  means  of  providing  credibility  for  the  conputerized  design  process  is  to  compare  the 
total  integrated  computation  remits  for  a  specified  mission  with  an  actual  aircraft  designed  for  that  mis¬ 
sion.  Figure  9  shows  the  results  of  s  comparison  between  the  ACSYNT  program  and  a  Boeing  727-20G  aircraft. 

In  this  case,  the  inputs  to  the  ACSYNT  program  were  the  following:  the  seating  arrangement:  the  wing,  body 
and  tail  geometry;  the  engine  characteristics  in  terms  cf  design  bypass  ratio,  pressure  ratios,  turbine 
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inlet  temperature,  etc.;  and  the  one-dimensional  cycle  efficiency  parameters  for  the  engine  components. 

The  results  indicate  adequate  correlation  in  terms  of  the  geometry  and  total  weight  of  the  system;  however, 
individual  elements  in  the  weight  statement  do  not  agree  well  and  suggest  that  further  investigation  is 
required.  It  is  necessary  to  perform  these  correlations  continually  at  the  total  aircraft  level  to  chr  . 
the  analytical  methods,  since  they  are  under  continuous  development  or  enhancement.  The  results  of  these 
correlation  studies  or  their  references  should  be  included  as  part  of  any  preliminary  design  study. 

RESOURCES  REQUIRED  IN  COMPUTERIZED  PRELIMINARY  AIRCRAFT  DESIGN 

The  resources  needed  to  perform  the  computerized  process  at  tne  early  stages  of  vehicle  definition  are 
primarily  engineering  man-hours  and  computer  time.  By  far  the  most  costly  and  important  resource  expended 
during  this  process  is  engineering  time,  even  when  the  process  is  highly  ..utomated.  Engineering  time  is 
usually  divided  between  program  development  or  modification  and  the  preparation  and  analysis  of  input  and 
output  data. 

The  development  and  modification  of  modules  to  compute  design  information  in  the  various  disciplines 
has  been  underway  for  several  years  and  in  many  cases  the  modules  or  methods  are  available.  However,  most 
of  these  modules  require  continual  enhancement  and  further  development  to  apply  them  to  the  variety  of 
concepts  studied  in  preliminary  design.  Unusual  or  unique  designs  require  the  development  or  modification 
of  existing  methods  to  provide  good  results.  An  example  is  the  oblique  winged  aircraft  that  was  mentioned 
earlier.  This  vehicle  (Fig.  1 0 J  operates  with  increasing  wing  sweep  as  speed  increases  and  the  changing 
geometry  and  anti synme try  of  the  configuration  required  significant  modification  to  existing  aerodynamic 
modules. 

Figure  11  shows  a  liquid  hydrogen  fueled  aircraft  (Ref.  10)  witl.  a  tankage  arrangement  that  had  no 
historical  counterpart  or  empirical  data  base  and  hence  required  the  development  of  specialized  theoretical 
computer  programs  to  investigate  the  structure.  The  tanks  in  the  vehicle  support  all  the  vehicle  loads  and 
are  pressurized.  These  examples  of  unique  or  unusual  configurations  indicate  that  a  majority  of  the 
resources  necessary  to  perform  computerized  preliminary  design  are  spent  in  the  investigation  of  unusual  or 
unique  features.  Conventional  design  features  can  be  studied  with  existing  modules  in  many  cases. 

At  the  present  time  considerable  resources  are  spent  during  computerized  preliminary  design  in  the 
preparation  of  input  and  output  information.  This  area  can  be  made  much  more  efficient.  Digital  computer 
technology  to  automate  the  input  data  function  and  to  display  engineering  results  has  reached  a  mature 
point  of  development  and  should  be  included  in  efficient  preliminary  computerized  design  processes.  Com¬ 
puter  terminal  hardware  (Fig.  12),  which  may  be  located  directly  in  the  preliminary  design  work  area,  con¬ 
sists  of  cathode  ray  tube  devices  for  display  of  the  *  ormation  and  input  devices  of  various  forms, 
including  keyboards  and  digitizing  electrical  tablets.  In  the  last  few  years,  the  price  of  these  devices 
has  been  reduced  significantly  and  they  can  be  connected  to  large-scale  computers  through  telephone  or 
data  conmunication  networks.  The  key  element  in  the  use  of  these  devices  is  the  time-shared  operation  of 
the  main  computer  which  permits  accecs  to  substantial  computer  resources  without  committing  the  computer  and 
its  expense  during  periods  of  no  computation.  The  software  to  support  these  types  of  computer  systems  is 
substantial,  but  has  been  undergoing  development  and  enhancement  for  several  years.  At  the  present  time 
these  systems  are  operational  and  performing  satisfactorily,  although  the  rate  of  technological  progress 
(and  obsolescence)  is  relatively  high. 

The  figure  shows  the  computer  terminals  at  Ames,  NASA,  that  connect  to  a  time-shared  central  computer 
with  sufficient  power  to  perform  large-scaU  ..igineering  computations  (Ref.  19).  The  vehicle  geometry  dis¬ 
played  on  the  tube  was  defined  from  the  tablet  and  sketch  shown  in  Fig.  12.  The  output  of  configuration 
drawings  (Fig.  13)  and  engineering  results  (Fig.  14)  from  this  equipment  is  suitable  for  inclusion  directly 
in  publications  and  the  generation  of  the  information  is  becoming  automatic. 

The  resources  and  time  needed  to  initiate  or  expand  a  preliminary  design  activity  to  the  point 
described  in  this  paper  are  significant.  The  modules  used  in  the  ACSYNT  program  represent  more  than  100 
nan-years  of  development  and  enhancement  over  a  period  of  more  than  ten  years.  The  program  is  capable  of 
analyzing  conventional  transport  and  fighter  type  aircraft,  but  is  still  in  a  state  of  rapid  evolution  as 
new  capabilities  and  theoretical  nelnods  are  continually  incorporated. 

The  specialized  personnel  needed  to  integrate  and  develop  the  programs  to  perform  this  type  of  design 
activity  are  the  major  factor  in  the  success  of  the  activity.  Each  of  the  technical  discipline  areas  is 
complex  and  the  development  and  use  of  efficient  programs  in  these  areas  require  the  dedication  and  skill 
of  technical  experts.  Professional  engineers  and  scientists  with  proper  training  arc  needed  to  insure  that 
the  methods  and  correlations  required  in  the  preliminary  design  activity  are  sound.  Attempts  to  center 
these  activities  around  personnel  skilled  >nly  in  computer  programming  have  not  been  effective.  It  also 
should  be  pointed  out  tha:  it  is  difficult  to  pursue  this  process  on  an  ad  hoc  or  part-time  basis,  since  as 
stated  before,  contiual  development  and  co.  relations  between  analytical  methods  and  experimental  inforoa- 
tion  are  required.  The  high  growth  rate  in  computer  technology  has  permitted  a  corresponding  improvement 
rate  in  the  analytical  methods  used  to  perform  preliminary  design.  Hence,  the  rate  of  development  of  new 
analytical  methods  and  the  obsolescence  rate  of  old  ones  are  sufficiently  great  to  require  the  continued 
attention  of  professional  specialists. 

Once  ar  operational  capability  as  described  above  has  been  achieved,  the  computerized  preliminary 
design  of  new  but  relatively  conventional  concepts  is  anticipated  to  require  only  modest  resources  and 
time.  The  goal  for  the  ACSYNT  program  is  to  provide  all  the  results  described  earlier  (including  optimiza¬ 
tion  and  sensitivities)  for  a  single  vehicle  in  less  than  one  week  at  Level  1  and  in  less  than  one  nwnth  at 
Level  II.  Approximately  six  professionals  and  two  hours  per  day  of  computer  time  are  anticipated  durin?  the 
activity.  Of  course  the  objestive  in  early  design  studies  is  to  compare  many  aoproacnes.  If  several  air¬ 
craft  concepts  with  similar  missions  and  features  are  studied,  then  the  computerized  design  process  can 
investigate  several  vehicles  much  more  readily  than  manual  metnods  can.  The  advantage  depends  on  the 
similarity  of  the  vehicles  and  their  components. 
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The  computerized  preliminary  design  process  can  provide  significant  Information  that  may  Influence 
the  future  costs  of  aircraft  development  and  operation.  This  Information  can  guide  the  design  process 
toward  concepts  that  have  significant  promise.  The  early  study  results  can  be  bsr.ed  on  established 
engineering  methods  that  are  adapted  for  computerized  techniques  and  Integrated  for  rapid  use.  The  pre¬ 
liminary  design  process  needs  to  be  rapid  and  efficient  in  order  to  provide  enough  credible  information  to 
make  sufficient  comparisons.  The  results  should  include  correlations  with  existing  experimental  data  and 
should  provide  optimization  and  sensitivity  Information. 

The  primary  resource  required  to  perfotjn  this  activity  is  engineering  time  which  is  best  directed  toward 
the  development  of  methods  and  the  analysis  of  i/hique  concepts.  The  preparation  of  input  data  and  the  manip¬ 
ulation  of  output  information  for  rapid  review  and  analysis  should  be  highly  automated.  The  computer  tech¬ 
nology  is  available  to  modernize  and  automate  much  of  this  early  design  activity,  but  the  total  process  is 
still  entirely  dependent  on  professional  specialists  using  the  most  modern  methods  and  equipment. 
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Fig.  1.  Aircraft  synthesis  program  disciplines.  Fig.  4.  ACSYNT  preliminary  design  levels. 
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PRELIMINARY  DESIGN  TECHNIQUES  TOR  UNMANNED,  REMOTE  PILOTED  VEHICLES 


Dy 


R.Staufenbl?1  ant?  H.Schmidtlein 
VFW-Fokker  GmbH 
Bremen,  Germany 


1.  INTRODUCTION 

RPVs  in  preliminary  design  pluses  -  wham  they  currently  are  -  are  a  great  challenge  for  engineers.  To  understand  thesu  new  emerging 
RPVs  somewhat  better  it  seems  worthwhile  to  start  from  the  well-known  orones.  Explaining  the  main  oifferences  Fig.  1  should  give  an 
impression  of  the  h'gher  complexity  of  RPVs  in  comparison  with  drones.  If  we  understand  drones  as  the  mother  of  RPVs  there  are  two 
fathers,  manned  A/C  and  missiles  (Fig.  2). 

At  first  sight  there  are  several  reasons  for  using  RPVs  in  future  missions  (eg.  fighter-  Recce-  and  EW-missions)  -  in  addition  to  saving 
mlots  — : 


•  Cost  reduction 

•  Higher  effectiveness  'Jue  to  maneuvei  ability /the  computer  in  th*  loop) 

•  Higher  flexibility  concerning  future  mission  requirements  (modular  mission  equipment) 

But  weighing  and  balancing  cost,  effectiveness  and  flexibility  requires  a  closed  loop,  work  ire  in  threat  and  mission  analysis,  technology, 
system-engineering  as  well  as  in  the  operational  area  (command/control,  logistics,  training  .::.). 

RPVs,  »  military  systems  with  the  highest  degree  of  automation  ever  developed,  will  probably  generate  resistance  or  at  least  delaying 
action  in  the  part  of  operations  persona1,  which  can  lead  to  serious  gaps  in  the  defence  capability  especially  if  the  opponent  pushes 
for* yard  RPVs  with  high  mission  e.fecoveness.  In  any  case,  it  can  be  expected  that '  RPVs  will  not  do  it  best’  in  everv  aspect,  but  rather 
that  manned/unman.ied  missions  in  combination  and  in  mutual  supplementation  i  ;  the  answer. 

Optimizing  future  manned/unmanned  svstems  reqt-ires  the  closed  ‘oop  cooperate  ■  mentioned  above.  The  starting  point  in  this  loop 
can  be  at  any  place  you  like.  The  RP‘ '  otudy  conducted  by  VFW-FOKKER,  some  results  of  which  are  explained  in  the  written  paper, 
was  planned  only  as  a  pa  t  ’f  that  loop,  to  give  some  inputs  to  the  technologist  and  operations  persona!  and  to  start  discussions. 

Ob|€-tive  of  this  Study  was: 

Ir.vertiiation  of  a  multirole  AS/CAS  RPV 
(Air-cuper  vrity/Close  a>r  support-RPV) 

based  on 


unified  «*■>  vehicle 

modular  mission  equipment  and 

specific  armamtnt 


Fig.  1  RELATION  RPVs-DRONES 


r  \ 


MISSILES 


MANNED 


*"V  V- 

^  J 


SHORT  PREPARATION/ 
REACTION  TIME 
STORABIUTY 


MISSION  SPECTRUM 
ARMAMENT 
WEIGHT  CLASS 


RPVs 


SELF  CONTAINED  NAVIGATION 
METHOOS  OF  MISSION  PLANING 
PREFLIGHT  CHECKS 


DRONES 


Fig.  2  RELATIVES  OF  RPVs 


2.  THE  MULTIROLE  RPV  STUDY 
2.1  Steps  in  conducting  the  study 

Figure  3  shows  the  different  steps  through  which  the  study  par*ed.  Evaluating  the  FRG  threat  scenario,  Air-Defence  (AD)  and  CAS 
were  found  to  be  the  p-edominant  missions.  AS-mission  as  the  most  stringent  AD-mission  was  studied  to  fix  the  requirements  for  air 
vehicle,  weaponry,  am  avionics.  With  respect  to  CAS.  the  available  airfield  lengths  and  the  ground  to  eir  threat  defined  minimum 
mission  requirement.  A  point  design  has  worked  out  to  present  effectiveness  -  payload/range  characteristics  and  to  give  a  first 
impression  of  such  a  RPV-systcm,  considering  the  vehicle  itself,  mission  equipment,  armamer:,  and  supporting  system;. 


The  fallout  r '  ■>  point  design  for  different  missions  was  considered.  Final!/,  key-problems  were  explained. 

Typical  for  this  study,  although  in  the  preliminai  /  design  phase,  was  the  e>  tensive  usage  of  complex  mathematical  models  concerning 
e.g 

Combat  tactics 

low  'evel  terrain-following 

sensor  characteristics 

weapon  range  and  effectiveness. 


2.2  Results  of  Combat  Simulations 

Stalling  with  the  AS-mission,  the  main  characteristics  of  RPV-vehiele,  armament,  and  sensor  system  have  been  evaluated  jsmg  a  digital 
combat  simulation  program.  The  combat  tactics  used  in  this  program  have  been  derived  for  dogfights  with  a  stern  appreaef  missile. 

Combat  opponen'  of  the  RPV  is  a  manned  A.S-f’nhttr  sn  iba  upper  performance  class. 

The  variety  of  parameters  investigated  is  given  <n  Fig  4.  Wing  loading,  thrust  to  weight  ratio  and  three  different  flap  ccnfigurations 
character, red  the  vehicle  itself,  while  armament  and  sensor  performance  were  modelled  by  cone*  with  variable  angles  and  *sng»-  The 
in.tial  conditions  did  not  consider  possible  benefits  of  «»mg  approaches  optimiled  and  teiegoidcd  by  the  control  station.  Son*  results 
of  the  combat  simulation  regarding  the  vehicle  parameiers  are  shown  in  Fig,  5.  Requiring  an  RPV-superrority  of  80  :  29  kills  (as  ; 
mirimumi,  the  necessary  thrust  to  weight  is  shown  as  a  function  of  wing  loading  for  the  three  maneuver  flap  configurations.  Load 
factor  limitation  •$  6  g  for  the  manned  reference  A/C  and  10  g  for  the  RPV. 
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Fig.  3  STEPS  OF  RPV -STUDY 


For  the  definition  of  a  point  design  a  maximum  m,ch  number  of  omv  2.0  wa>  chosen  fct  sav>ng  weighl  without  penalties  ir.  escape 
maneuvers.  A  thrust  to  weight  of  5-3  and  a  wring  loading  of  240  kp  m^  (at  the  beginning  of  combat!  with  moderate  flap  performance 
gives  the  RPV  the  required  superiority  of  30  :  20  kills 

Due  to  the  diffe.sr.t  initial  conditions,  ihe  duration  of  combat  is  a  stocrrastic  cua'tity.  Mean  value  of  comb,  t  duration  is  130  sec  and 
95  %  of  a:l  tights  are  ended  by  a  k-l!  in  25C  sec.Therefere  this  combat  time  of  250  sec  was  chosen  for  the  point  design. 

AH  these  results  are  valid  unde,  the  assumption  of  equal  weapon  effe  tttvenesa,  given  by  the  charactsnstics  of  a  dogfight  missile  limited 
to  stern  approaches  Thv  sensitivity  of  the  results  due  to  changes  m  weep on  ranges  was  also  investigated  and  results  maneuverability,  as 
■ft  case  of  the  RPV,  a  rema'kaqle  reduction  of  miss  a  performance  is  acceptable  with  only  a  small  reduction  of  survivability  (missile 
performance  of  reference  A;  Z  >s  held  constant). Therefore  a  specal  armament  for  RPVs  seems  reasonable 

This  picture  would  be  completely  changed,  if  a  low  cost  weapon  with  head-on  capability  we  i  available. 

Using  nun?  '(%  —  «n  Fig  6)  as  the  RPV  armament,  tlie  sun 'liability  would  be  unsatisfactory  low. 

Success  or  RPVs  »  dependent  on  sensor  performance  and  sensor  coverage  area.  Under  the  assumption  J.iat  the  combat  opponent  has 
full  info'Tvstmn  about  the  RPV  position  in  the  combat  area,  the  influence  of  a  .educed  RPV  cover-tge  aiea  (given  by  target  acquisition 
and  tracking  cone)  has  been  evaluated  and  is  shown  m  Fig.  7.  The  survivability  of  the  RPV  docs  not  tall  off  until  a  sensor  viewing  an^le 
of  90°  Therefore  information  about  the  erv*rr.y‘s  oositior,  m  the  forward  half  space  suffic-ent  This  area  can  be  achieved  using  a  single 
sensor  wuh  a  boresight  tilted  upward  m  the  aimrafi  and  ruining  .he  RPV  itself  into  the  target  plane.  In  this  case  a  sen  or  viewing  angle 
of  6G°  would  be  sufficient. 


I 
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Fig. «  PARAMETRIC  STUDY-AS-RPV 


F«?  5  RESULTS  OF  COMSAT  SIMULATION 


Considering  'he  simulation  'esuits  and  analyzing  operational  aspects  the  pom!  design  ot  the  AS  RHV  can  be  summarized  as  follows 
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RPV  SURVIVABILITY 


Fig.  7  INFLUENCE  OF  SENSOR-VIEWING  ANGLE 


2.3  The  CAS-mission 

The  vulnerability  of  future  A/C  on  the  ground  has  to  be  reduced  generally,  this  is  valid  especially  in  scenarios  with  a  high  threat  of 
counter  air  missions  as  for  the  FRG,  RPVs,  as  a  new  generation  of  A/C,  have  to  meet  these  requirements.  Therefore,  dispersion  on  small 
airfields  is  mandatory;  T/O  and  landing  performance  are  predominant.  The  T/G/landing  rolling  distances  are  shown  in  the  TAV  ■  wing 
loadmg  diagram  Fig  8.  With  a  wing  loading  of  !70  kp/m^  the  AS/RPV  has  a  rolling  distance  at  landing  370  m  (with  aero  length  T/O). 

The  CAS-RPV  has  to  carry  more  fuel  and  higher  miluary  load  than  the  AS-RPV;  therefore  by  overloading  the  AS-vei;ion  a  conventional 
T/O  is  mandatory.  Staying  within  take-off  rolling  distances  below  350  m,  in  overloading  of  the  AS-version  by  more  than  65  %  is 
possible  with  a  load  factor  (T/O)  of  less  than  6  g.  The  rolling  performances  demand  a/b  •  take-off.  In  Fig.  8  superimposed  g-maneuvers 
are  included  m  thrust  requirements.  The  maneuvers  cover  the  terrain-following  maneuvers  on  the  one  hand  and  maneuvers  (jinking' 
superimposed  for  increasing  the  survivability  against  anti  aircraft  artillery  (AAA)  on  the  other. 

This  survivability  by  jinking  maneuvers  is  shown  in  Fig.  3  With  the  same  survivability  as  an  A/C  in  level  flight,  a  maneuvering  A/C 
(mean  value  4  qi  can  cross  five  to  te'  times  more  AAA  o*hs  This  advantage  of  increased  survivability  is  of  course  restricted  to 
unmanned  A/C  snd  must  be  made  possible  l  /  higher  thrust  .md  fuel  reserve. 


2.4  Point  Design 

Figure  10  gives  the  configuration  of  :he  point  design  m  the  CAD  version,  it  is  a  s-rtgm  engine  design  with  the  following  mam  da  its 


Overall  length 

10  m 

Overall  span 

6  3m 

Wing  reference 

13  3  m 

Sweep  angle 

2)0 

Aspect  ratio 

3 

Engine 

1  (Type  J101  GE  -  100! 

Max.  thiust  .lb 

ISA.  SI 

415C  kp 

Weight  (O.W  e; 

2500  kp 

The  T'O  *<>gbt  of  the  AS  version  (including  100  kp  missile  and  600  kp  interna’,  fuel)  is  3200  kp.  Thr  maneuver  performance  o'  >n u 
design  is  given  by  rum  ratas  o'  25  °;sec  iinstanta.erxjs)  and  55  °/sec  {sustained)  at  20.000  ft  attitude. 

For  CAS  missions  the  RPV  point  desigr  can  be  considerably  overloaded  iP>g  8).  Military  load  and  fuel  l  interns!  and  extents!)  up  to 
2800  kp  stfii  keep  the  load  factor  above  6  With  trw  corresponding  T.'Q  weights  of  5300  kp  the  rolling  take-off  distance  -  using  a/b  ■  is 
300  m  At  this  order  of  T'O  performarw  SPVs  are  abie  to  use  smaller  dispersed  amriatdt,  m  this  way  increasing  vm -ground  sunnvaeiii- 
tv 


7-8 


Figure  1 1  gives  payload  -  range  tradeoffs  for  the  point  das  ion.  in  the  radii  of  action,  a  SO  km  distance  with  3  g  maneuvers  {mean  value) 
is  included.  2000  lbs  payload  can  be  carried  at  M  »  055  and  3  g.  The  drag  of  higher  payloads  u^  tr,  C~  j  ibs  requires  a  reduction  of 
speed  or  ct  maneuver  loads.  Internal  fuel  is  limited  to  600  kp,  therefore  higher  ranges  require  ext.  *nal  fuel  m  considerable  amount.  The 
engine  tnruS  -  oetimired  for  AS  -  seems  well  matched  to  the  CAS  requirements 

short  T/C  distances 

high  drag  cf  payload  and  external  fuel  tank 
high  induced  drag  due  to  supe-imposed  maneuvers 

In  addition  to  the  quick  alert  AS-mission  explained  above,  the  RPV  point  design  can  be  used  in  air  defence  missions  w<th  a  long  loiter 
time.  With  e  conventional  take-off  at  the  maximum  T/O  weight  of  5300  kp,  a  loiter  time  of  3  h  at  H  *  2C  000  ft  and  M  =  0.45  car.  be 
'eal'ted-  At  this  performance,  cruise  to  the  combat  area  and  a  combat  time  of  250  sec  are  included. 

Figures  12  and  13  summarize  the  main  data  of  the  point  design  performance  for  various  attack  and  aii  defence  missions  in  the  otder  of 
priority  a?  ::  is  now  seen  for  the  ERG. 
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Fig.  13  FALL  OUT  MISSION 


3.  SURVEY  ON  NAVIGATION  AND  GUIDANCE  PROBlc  AS 

The  shortcommiros  of  programmed  flights  are  obvious.  Fighter  missions  requite  accurate  outbound  navigation  and  target  detectiorude- 
signation/tracking,  which  need  some  kind  of  remi/"  updating  ana  "piloting'  via  a  data  link  wnn  a  more  less  high  bandwidth 

The  first  idea  -  an  obvious  one.  ■  to  move  allot  and  cockpit  out  of  the  A/C  to  tbe  remote  control  station,  has  been  realized  in  first 
generation  RPVs.  In  doing  so.  all  cockpit  dats-anq  visual  information  have  to  be  transmitted  to  "*9  control  station,  and  pilot  commands 
must  be  sent  back  to  the  A/C.  This  solution  permitted  »  ibv  degree  o*  on-board  sutomatior.  out  equired  a  high  bandwidth  for 
transmitting  acceptable  sensor  information  ivideo  signals)  a.'d  denrarsoed  a  high  work  load  o'  the  remote  pilot.  The  fnasibilitv  of  such  a 
method  under  heavy  ECM  environment  is  still  open. 

In  any  case  covering  .ock  loss  phases  and  reducing  detection  probability  for  RPV:  requires  a  certain  seif-sMficiency  0!  m-teoard 
navigation  and  guidance  That  is  even  more  me.  if  computerized  flight  path  optimization  is  needed  to r  efti.-ctive  approach  arcs  combat 
maneuvers,  including  weapon  delivery  computations.  Therefore  the  degree  of  atsonuzation  on  boerc  must  iartc  cam  be  the  niuhest  ir 
air  defence  RPVs 

In  these  missions,  target  detection.  IFF,  threat  evaluation,  target  designation  and  guiding  the  RPV  to  thecoma®  area  nas  to  be  cone  oy 
an  airborne  or  ground  control  station.  Af'er  having  acquired  the  designated  target  tne  RPV  a.  self-sufficient 

A  guidance  scheme  for  the  AS-RPV  is  show"  in  Fig.  14.  After  target  acquisition  u,  "he  RPV  sensors,  the  control  station  tas  enry 
monitoring  tasks.  Such  a  guidance  method  requires  only  a  low  data  link  bandwidth,  but  the  higher  degree  of  on-boarc  auarrstran  is 
more  expensive,  although  ii  pemt  inevitable  for  the  high  performance  RPVs  of  the  second  generation 

In  air  to  ground  attack  missions  the  situation  is  rather  different.  Under  the  assumption  that  low  level  *>ghts  ant  marsoatcry  ‘or 
survivable  RPVs,  the  outbound  navigation  accuracy  and  target  dete-tion/designation/acquis^ion  are  severe  problems. 

For  sufficiently  accurate  RPV  navigation  two  approaches  can  be  considt'od: 

Method  1  is  based  on  inertial  equipment.  Depending  on  cruise  distances,  inertial  „  I*.  m  secure" y  with  doppler  anfr-or  teleupdsttng  is 
necessary  to  acquire  even  fixed  ground  targets  or  those  designated  by  a  FAC  Furthermore,  •  ’turning  to  the  airbase  must  be  as'yrea. 

Method  2  uses  ground  based  navigational  equipment  le.g.  Loran.  Microwave  landing  systems)  with  computation  on  board  'his  method 
gives  sufficient  accuracy  as  well 

A  mixture  of  both  methods  has  the  must  flexibility,  but  is  also  the  most  expensive 

Method  2  most  attractive  for  reducing  on  board  complexity  •  has  the  highest  degree  of  vulnerability  and  distuibability 

Therefore  martial  navigation  with  teleupdating  seems  to  be  the  best  solution  A  's&v  <£twneter  for  enabling  low  lews  flights  is  also 
needed  Qn  the  other  hand  this  system  has  a  high  commonality  with  the  hardware  equipment  fer  AS  missions  explained  in  Fig  14  Only 
the  sensor  package  corresponding  tp  the  different  targets  rs  completely  different  Using  these  sensors  for  aiding  the  final  ap 
preaches,  conventional  landings  can  be  conducted  by  !i>c  .nernal  equipment  {oletiarm/radar  altimeter)  without  groun o  navigation  aids 
a  very  favourable  method  for  using  smaller  dispersed  airfields. 


Compared  with  these  navigation  problems,  the  target  detection  end  designation  process  in  air  to  ground  attacks  is  even  more  complicat¬ 
ed.  For  the  near  future,  only  target  designation  concepts  with  man  in  the  loop  should  be  considered.  Human  detection  and  designation 
can  be  dons  directly  (FAC)  or  by  using  sensor  information  transmitted  from  tho  RPV  to  the  remote  control  station.  In  the  former  case 
the  separately  located  "Designator"  must  illuminate  the  target  ("Marking").  Then  the  RPV  (and  its  weapons)  can  be  guided  automati¬ 
cally  (semiactive  guidance).  In  the  latter  case  homing  on  the  target  must  be  remotely  controlled.  Fig.  15  gives  .  survey  on  the  different 
methods.  The  penetration  depths  (from  FEB/1)  are  different  in  these  methods  due  to  limitations  in  positioning  the  FAC  or  in 
transmitting  the  sensor  information  to  the  conti ol  station.  Estimated  values  are  given  in  Fig.  15  as  well.  The  deepest  penetration  can  be 
expected  utilizing  a  -elay  A/C.  Compared  with  semiactive  guidance,  the  remote  detection  and  designation  methods  require  remarkably 
higher  bandwidth  for  the  video  transmission  link  and  are  therefore  more  sensitive  to  ECM. 
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Fig.  14  GUIDANCE  AND  CONTROL  OF  AS-RPV 


The  tasks  of  (ground  or  airborne)  control  stations  are  the  following: 

Receiving  information  from  RPVs  and  from  supporting  systems  (e.g.  Search  radar) 
Information  processing 

Transmitting  commands  to  RPVs  and  supporting  systems  (e.g.  Relay  stations) 


TARGET  DESIGN.  "HON 
BY  MAN 


DIRECTLY 


UTILIZING 
SENSORS  ABOARD 


DESIGNATOR 
POSITIONING 
IFEBA | 


CLOSE. 

ON  GROUND 


CLOSE. 

AIRBORNE 


CLOSE 
ON  GROUND 
(REMOTE  PILOT) 


RPV- 

GUIDANCE 


AUTOMATIC 


AUTOMATIC 


REMOTELY 

PILOTED 


MAX.  PENETRATION 
RADIUS  I KM| 


AIR  BORNE, 
FAR  OFF 


REMOTELY 
I  PILOTED 


ON  GROUND.  REMOTELY  PILOTED 

FAR  OFF  UTILIZING  RELAIS  STATION 


10ai50 


Fig.  IS  PENETRATION  RADIUS  OF  VARIOUS  GUIDANCE  METHODS 


The  possibility  cf  processing  target  information  m  the  control  station  normally  a  task  of  the  pilot  in  the  cockpit  -  can  essentially 
increase  the  effectiveness  of  RPVs.  Especially  in  low  level,  high  speed  flights  detection  of  targets  is  difficult  and  limited  to  small  areas 
around  the  flight  paths.  On-board  information  processing  and  cockpit  display  is  restricted  to  simple  processing.  In  Fig.  16  the  scheme  of 
a  '-pecial  display  located  in  the  control  station  is  shown.  It  permits  the  selection  and  presentation  of  visual  information  under  optimal 
viewing  angles  transmuted  by  RPVs  forward  looking  sensors.  It  is  a  display  accumulating  vision  stripes  thereby  increase canned  area 
and  increasing  time  for  looking  at  the  target  area.  This  processing  method  increase  the  probability  of  target  detection  -educing  the 
bandwidth  of  transmission  in  the  way  that  redundancy  of  data  ttansmission  is  replaced  by  information  storage.  This  method  can  be 
extended  to  an  interactive  display  for  navigation  updating  and  commands  in  the  target  area 


Fig  16  VISION  STRIPES  ACCUMULATING  DISPLAY  (VISAD) 
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Fig.  17.  PRIORITY  OF  TECHNOLOGICAL  PROBLEMS 


4.  CONCLUSION 

Thinking  about  RPVs  for  future  fighter  missions  is  «  very  difficult  task  for  A/C  designers  In  contrast  to  the  normal  situation,  they 
cannot  start  with  definite  military  requirements  The  tease  i  for  the  failing  requirements  are  the  following: 

1)  These  new  type  of  systems  are  essentially  dependent  on  technology  working  in  an  opera'  onal  environment,  influenced  by  the 
technology  itself,  e  g 

•  Daw  transmission  under  ECW  environment, 

•  Storabihty  and  short  mission-preparation  time  depending  on  basic/.mssion  equipment, 

•  Mission  effectiveness  depending  on  tht.  supporting  systems  (control  station,  relay,  mixed  manned/unmanned  fleet). 

•  Feasibility  of  operation  from  dispersed  airfields  depending  on  logistics  and  infrastructure 

2)  The  technical  feasibility  of  important  subsystems  is  open  Many  of  these  open  questions  can  be  answered  only  by  future  expenmer- 
tai  studies  in  original  environment  assisted  by  military  personnel 

3)  Larges  changes  in  irfrastruc-jre  logist'CS,  command  and  cont>o>  are  mandatory  for  an  effective  RPV  operation.  The  impact  of  such 
changes  and  their  definitions  can  be  determined  only  in  complex  Simula. ,ons  fed  by  experimental  studies 


4!  The  big  step  beyond  manned  systems  will  be  taken  only  if  the  effectiveness  of  RPVs  in  future  battlefield  scenaros  can  be  clearly 
demonstrated  Therefore  modelling  of  scenarios  wi’h  more  confidence  and  more  detail  than  usual  is  needed 

Therefore,  our  study  on  multirole  RPVs  can  be  considered  only  a  small  pan  within  such  a  complex  toop  of  technolog'cal/operational 
pa£>erwork/simulat.'on/fxp»rimenta!  studies 


With  esr  c  to  technologies'  problems  identified  as  important  .r  this  stuov-  rig  '7  gives  a  survey  with  a  proposa1  concerning  the 
priority  of  hese  problems 
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5,  SUMMARY 

RPVs  for  fighter  type  missions  have  a  lot  o*  uncertainties  regarding  operational  and  cost  aspects,  which  only  can  be  clarified  by 
experiments  and  complex  simulations  updated  fro.  ■»  these  experimental  studies. 

Concentrating  on  technical  and  technological  areas  of  RPVs  and  -nalyzing  the  main  threats  tor  the  FRG,  a  AS/CAS-RPV  has  been 
studied  on  trie  base  of  an  unified  vehicle,  modular  mission  equipment,  and  specific  armament.  The  characteristics  of  a  preliminary  point 
Design  have  been  derived  from  combat  simulation  and  threat  evaluation.  By  overloading  the  optimum  AS  design,  payload,  range, 
maneuverability,  and  T/O/landing  performances  required  for  CAS  missions  can  be  met.  Mission  effectivenrss  and  survivability  of  the 
point  design  is  highly  superior  to  manned  A/C.  In  the  paper  presented  only  a  survey  on  navigation  and  guidance  problems  could  be 
given.  Key  problems  have  shortly  beer  discussec  in  the  conclusions. 


Problems  with  the  current  design  process  are  summarized  on  Figure  3.  They  arise  from  the  char¬ 
acteristics  of  advanced  aerospace  vehicles,  the  nature  of  the  design  process,  and  the  big  design  staffs 
required  for  such  vehicles.  The  proolems  stem  from  the  increased  size,  sophistication,  performance, 
and  sensitivity  of  new  vehicles  which  increase  everything  related  to  the  design  process.  Of  particular 
concern  are  the  longer  and  longer  times  required  to  design  an  advanced  vehicle.  Not  only  does  this  time 
increase  costs  in  many  ways,  it  also  makes  the  vehicle  development  cycle  unacceptably  long  with  the 
danger  of  introducing  obsolete  products  into  the  market.  Risks  of  poor  quality  and/or  high  costs  are  great. 

In  addition  to  many  design  requirements,  conditions  and  criteria,  and  a  multitude  of  data  that  must  be 
generated,  analyzed,  and  communicated,  large  numbers  of  people,  that  must  work  together  as  a  team,  are 
involved.  The  result  is  a  large  organization  that  operates  in  a  complex  manner,  is  difficult  to  manage, 
and  which  of  necessity  takes  a  long  time  to  get  its  job  done  properly.  The  size  of  the  product,  the  number 
of  design  conditions  and  the  amount  of  data  will  continue  to  increase;  therefore,  time  and  money  can  be 
saved  only  by  changing  ihe  process  so  that  fewer  designers  can  do  their  thing  faster.  This  is  where 
automatic  can  help;  the  computer  must  be  used  to  do  all  things,  that  do  not  require  unique  human  traits, 
faster  (rnd  o’tter?)  than  man.  Design  flow  time  can  be  reduced  with  secondary  benefits  in  reduced  costs 
(time  sav  is  money  saved)  and  increased  design  quality.  Fortunately,  design  technology  and  computer 
hardware  and  software  have  reached  a  state  where  much  of  the  design  process  can  be  automated  in  the 
next  decade. 

The  growth  of  automation  in  aerospace  vehicle  design  -  past  and  future  -  is  shown  in  Figure  4. 

It  traces  the  growth  of  automated  structural  analysis  from  elements  to  complete  vehicle  capability,  the 
emergence  of  automated  structural  design  and  its  development  to  a  mature  technology  within  this  decade, 
and  the  prospect  of  automated  vehicle  design  growing  rapidly  from  the  embryon-c  systems  now  being  used. 
The  last  20  years  brought  about  a  revolution  in  structu>-ai  analysis  through  computerization.  For  the 
vantage  point  of  1985  or  1990,  we  will  see  that  a  similar  revolution  has  occurred  in  design. 

Automation  of  the  total  airplane  design  process  can  occur  in  an  evolutionary  maimer  in  which  the 
design  organization  and  computer  programs  are  modified  in  steps.  The  first  steps  will  be  to  use  the 
computer  as  a  communications  link  between  the  players,  gradually  programing  more  and  more  human 
activity  of  a  routine  nature  for  tl  e  computer ,  then  extending  automated  synthesis  capability  to  the  total 
vehicle.  By  this  time  it  will  be  apparent  that  some  fundamental  changes  in  procedures,  organization,  and 
man-machine  relationships  are  necessary,  Peference  2.  Hopefully,  enough  research  on  the  design  process, 
both  its  technical  and  social  features.  wiU  have  been  done  so  that  revolutionary  changes  can  appear  with  a 
new  generation  of  managers,  designers,  computers,  and  software.  The  process  that  results  will  be  vastly 
different  from  whai  we  have  today  in  the  tools,  people,  training,  and  organizational  concepts,  References  1 
and  2. 


The  words  design,  integrated,  computer-aided,  and  automation  have  been  used  rather  freely,  so  I 
will  present  now  the  definitions  I  will  use  in  this  paper.  I  am  equating  automated  design  to  computer- 
aided  design,  and  using  them  interchangeably,  to  indicate  that  this  is  the  best  combination  of  men  and 
machines  for  designing  a  product.  It  car.  invok  e  several  levels  of  computerization  that  will  change  with 
circumstances  and  time.  The  machine  is  tne  digital  computer  and  all  types  of  devices,  apparatus,  or 
machines  that  can  be  operated  with  or  from  it  to  aid  the  design  process.  The  design  process  encompasses 
all  activities  required  to  generate  the  data  needed  to  produce  a  product  and  therefore  covers  a  wide  scope 
of  technical  disciplines  ranging,  for  example,  from  aerodynamics  to  noise  to  structures  to  manufacturing 
to  economics.  Integrated  refers  to  how  the  many  computer  programs  used  in  the  design  piocess  work 
together.  An  integrated  system  provides  for  the  greatest  interaction  and  flexibility  in  program  utilization 
and  the  highest  potential  for  automation  without  loss  of  the  insight  and  innovation  that  only  a  human  designer 
can  provide  In  addition,  an  integrated  system  can  provide  for  an  intelligent  dialog  between  the  designer 
and  the  computer,  partners  that  augment  and  complement  one  another  in  managing  and  accomplishing  the 
design  task. 

THE  DESIGN  PROCESS 

The  process  used  to  design  any  product  is  basically  simple,  Figure  5.  Someone  sets  down  a  require¬ 
ment,  the  designer  finds  an  acceptable  configuration  that  satisfies  it.  and  then  generates  the  data  required 
to  tabricate  the  product.  The  selection  of  the  appropriate  configuration  is  not  simple,  however.  The 
designer  will  first  select  one  that  he  thinks,  from  experience,  will  meet  the  nee'.  -  this  is  the  idea  and 
innovation  stage.  Then  he  analyzes  it  to  atU inline  Ihe  characteristics  oi  his  product  and  compares  these 
with  the  characteristics  allowed  or  required  of  it  the  analysis  stage.  Initially,  the  product  will  lack 
some  essential  characteristics  so  it  must  be  changed  this  is  the  decision  stage  which  requires  insight 
and  experience.  However,  analysis  of  the  effects  of  design  changes  on  product  characteristics  can  assist 
the  designer  in  his  decisions.  Next,  the  oesigner  goes  through  several  cycles  in  which  the  product  is 
reconfigured  and  reanalyzed  until  all  required  characteristics  are  obtained  in  the  final  configurator..  Then, 
all  data  needed  to  fabricate  the  product  arc  compiled  and  sent  to  the  shop.  Oi  course,  manufacturing 
methods  and  costs  were  a  factor  ;n  the  design  evolution  from  the  beginning. 

The  various  blobs  in  Figure  5  represent  work  to  oe  done  or  tasks.  The  arrows  represent  the  flow 
of  data  or  information.  Tasks  and  data  art-  the  eleinims  of  th*  design  process  which  is  a  da*a  management 
activity  the  generation,  flow,  anJ  processing  data  are  all  that  happens  in  design.  Of  course,  this  data 
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management  activity  is  carried  out  by  people  and  machines  working  in  an  organization.  If  the  organization 
required  to  design  a  product  is  small,  the  management  of  the  information  flow  is  not  difficult.  A  large 
design  organization  is  another  story. 

Figure  6  is  a  cartoon  of  the  current  design  procedures  used  for  large  a'rp'cnes  such  as  a  wide-oody 
jet  transport.  It  3hows  men  and  machines  in  the  same  information  fl  w  as  in  Figure  5.  Bnt  this  chart 
shows  that  much  of  the  data  flow  only  because  one  gi:7  hands,  ii  co  another  Tnis  is  good.  Tie  oesign 
organization  for  a  large  airplane  includes  more  than  a  thousand  people  at  its  p^ak,  involves  numerous 
individuals  that  are  designers,  and  has  larce  numbers  of  analysts,  draftsmen  test  engineers,  technicians, 
administrators,  and  other  specialists.  A  few  simple  calculations  >>f  tl.e  combinations  of  personal  contacts 
required  in  a  group  of  this  size  reveal  the  staggering  magnitude  of  the  person-to-person  communication 
problem  in  giving  and  receiving  data  and  decisions  in  a  highly  interactive  situation  like  muihdisciplinary 
design.  For  example,  if  only  50  people  <«-  *he  staff  must  talk  to  each  other  periodically,  then  1225  conversa¬ 
tions  are  required  in  each  period  (with  luo  ,^-ople  the  number  r*ses  to  4950).  Big  design  organizations, 
then  usually  manage  data  flow  inefficiently.  They  should  h*ok  sc  automation  to  speed  up  this  part  of  the 
process  by  reducing  the  number  and  duration  of  human  contacts.  The  largest  gains  from  automation  prob¬ 
ably  will  be  in  the  big  organizat;ons  with  the  big  problems,  however,  any  design  organization  can  benefit. 

In  addition,  further  automation  of  analyses  and  other  tasks  will  also  speed  the  design  process ,  particularly 
in  automating  methods  for  rapidly  resizing  or  reconfiguring  a  vehicle  or  component  that  does  not  satisfy 
its  design  requiiements. 

The  design  process  has  important  time  and  phasing  characteristics  suggestea  by  Figure  6  but  not 
apparen*  u\  Figur.-  5-  Figure  7  extends  Figure  5  into  the  time  domain  to  illustrate  the  sequencing  and 
cycling  that  occu/"  as  the  uerigr.  progresses.  Note  that  each  activity  occurs  intermittently.  If  each  is 
performed  b .  a  pa.ricular  specialist,  his  assigned  task  will  not  be  completed  in  one  work  period  and  he 
will  nave  to  be  reoriented  each  time  it  comes  arc  and  again.  Continuity  of  tasks  is  often  achieved  in  design 
practice  by  simultaneously  working  tasks  that  ideally  should  be  done  in  sequence.  Then,  individual 
specialists  could  be  working  simultaneously  at  different  design  levels  on  the  same  project  with  the  danger 
that  much  eifort  may  be  wasted.  The  problem  becomes  more  acute  on  multidisciplinary  airplane  projects 
wherein  aerodynamics  could  be  several  configurations  ahead  of  structures.  All  disciplines  should  work 
aporoximately  in-phase  to  produce  a  technically  balanced  design  in  each  cycle.  Automation  can  help 
acnie’  e  this  go  a*  by  reducing  the  time  required  for  each  task  and  by  speeding  the  flow  of  data  between 
activities  and  disciplines. 

The  design  process  passes  through  several  stages  or  levels  as  it  progresses  from  an  initial  concept 
to  the  f;nal  details.  Figure  8  is  a  diagram  of  the  development  of  an  aerospace  product  that  shows  the  place 
for  design.  Continuing  activity  in  research,  development,  and  marketing  periodically  identify  new  concepts 
and  technology  with  sales  potential.  This  idea  enters  a  conceptual  design  phase  to  scope  its  characteristics 
and,  if  attractive,  moves  into  a  preliminary  design  phase  where  It  is  worked  to  greater  depth.  When  the 
design  is  sufficiently  mature,  management  authorizes  the  product  go-ahead  and  detail  design,  manufacturing, 
and  testing  lead  to  first  product  delivery.  Design  support  for  the  product  in  production  is  a  continuing 
activity  to  cever  changes  and  modifications  in  future  product  improvement.  This  total  process  involves 
many  subtasks  and  cycles  in  a  variety  of  sequences  over  a  long  period  of  lime.  The  needed  automated 
design  system  must  encompass  this  total  process  and  the  multitude  of  functions  contained  therein 

Design  networks  can  be  drawn  of  processes  depicted  in  Figure  8  to  any  level  of  detail  required,  but 
they  soon  become  exceedingly  complex.  Figure  9  goe>  one  step  in  that  direction  by  expanding  the  pre¬ 
liminary  design  phase-  and  indicating  major  decision  points  and  recycling  routes.  The  preliminary  design 
phase  is  divided  into  sizing  the  product  to  the  marketing  criteria,  refining  it  by  applying  more  powerful 
analyses,  and  verifying  it  by  more  rigorous  analyses  and  selee.ed  tests.  Thu  design  is  then  reviewed  to 
determine  ii  construction  should  proceed.  Note  that  at  each  decision  point  before  go-ahead,  the  process 
may  recycle  to  as  early  a  level  as  appropriate.  However,  once  it  enters  detailed  design  the  major  system 
parameters  are  fixed  and  any  problem  that  arises  must  be  solved  within  that  subsystem.  Therefore, 
preliminary  design  must  produce  a  thoroughly  satisfactory  configuration  for  the  total  system  adequate  in 
all  subsystem  characteristics,  including  fabrication  costs,  if  a  successful  product  is  to  result.  Not  only 
must  our  automated  system  accommodate  the  requirements  of  each  of  these  levels  ar.d  decisions,  it  must 
also  insure  adequate  technical  depth  at  each  level  (especially  in  preliminary  design;  within  the  time  and 
cost  available. 

Design  levels  have  been  discussed  without  defining  them  in  detail:  Figure  10  attempts  an  approximate 
definition  Each  organization  utilizes  different  definitions  and  process  within  its  design  organization  so 
Figure  10  is  an  amalgamation  of  several  sources.  The  levels  are  defined  in  terms  of  the  manpower, 
flow  time,  and  number  of  configurations  examined.  The  accuracy  of  weight  estimates  and  short  descrip¬ 
tions  of  the  objectives  and  product  are  included  too.  All  numbers  are  approximate  because  of  the  varia¬ 
bility  of  scope  of  a  design  project,  ranging  from  a  small  fighter  aircraft  'o  a  large  supersonic  bomber  or 
transport  Again  note  the  key  role  played  by  preliminary  design:  only  one  overall  configuration  goes  into 
detail  design,  h-  cever,  many  components  and  parts  will  go  through  several  design  iterations  in  this 
design  level. 


DESIGN  SYNTHESIS  AND  OPTIMIZATION 


diagrams  of  the  design  process  discussed  above  (Figs  5,  6,  r. .  and  9)  have  shown  cycles  in  which 
the  design  roast  be-  reconfigured  because  .1  did  not  meet  some  criteria.  Resh  ing  the  total  configuration 
or  one  of  Sts  parts  can  oe  done  by  tr'al  and  error,  but  systematic  approaches  colled  design  synthesis  are 
more  productive,  Synthesis  includes  optimisation  since  the  objective  is  to  attain  a  maximum  or  minimum 
value  of  some  merit  furo-ticn.  Structural  synthesis.  for  example,  is  often  discussed  under  titles  such  as 
minimum-weight  design  and  structural  optimization.  It  has  not  been  used  enough  in  design  although  :t  has 
been  available  for  over  20  years.  References  3  and  4.  iis  u«e.  however,  is  increasing. 

Some  general  comments  on  design  synthesis  art  appropriate  here. 

1.  The  synthesis  approach  provides  a  systematic  way  of  conducting  analyses  ureJ  in  design  to 
reach  the  best  configuration  with  a  minimum  of  time  and  effort.  Synthesis  techniques  must,  therefore, 
be  an  important  part  of  any  automated  design  system . 

2.  Synthesis  can.  at  least  theoretically,  be  aoplied  to  the  total  system  as  well  as  to  small  parts, 
but  it  is  most  useful  tor  si2ing  the  elements  of  a  vehick  where  less  innovation  is  expected  than  in  the 
fornimation  of  system  concepts. 

3.  Synthes’s  c.i  most  parts  or  systems  of  practical  interest  is  too  complicated  for  closed-form 
solutions.  The  use  of  a  computer  is  essential.  Theiefore.  svnthesis  ir*  essential  in  automated  design 
and  synthesis  of  complex  parts  is  impractical  without  automation. 

The  computer  finds  the  optimum  solution  to  a  synthesis  problem  in  either  a  di~ect  or  indirect  way, 
References  5-7.  The  direct  approach,  exemplified  by  mathematical  programing,  makes  an  intelligent 
and  systematic  search  among  the  design  variables  to  locate  the  minimum  value  of  its  objective  which  may 
be  weight,  cost,  or  other  considerations.  This  method  is  general  but  is  usually  expensive  if  large  numbers 
of  variables  or  complex  analyses  are  involved.  The  indirect  approach  uses  optimality  criteria  that  are 
expected  to  produce  the  desired  result,  at  least  within  engineering  accuracy.  Such  procedures  are  rela¬ 
tively  fast,  they  can  handle  iarge  numbers  of  variables  readily  and  are  practical  for  design  of  large 
structures.  Both  approaches  are  needed  for  automated  designs  of  vehicles  systems;  however,  consid  >i 
able  additional  development  is  required  for  application  to  multidisciplinary  situations 

The  application  and  strategy  of  optimization  m  ..ircraft  design  synthesis  is  summarized  in  Figure  II 
for  the  three  ic-sign  levels.  In  the  conceptual  and  initial  preliminary  design  phase  (sizing)  the  total  system 
or  configuration  car.  be  optimized  with  respect  to  a  few  key-  parameters.  Subsequently,  optimization  must 
be  limited  to  subsystems.  Howeve*  subsystem  inp  Us  to  configuration  optimization  must  be  in  sufficient 
technical  depth  to  accurately  reflect  the  effects  of  subsystem  changes  on  configuration  parameters.  The 
types  of  parameters  optimized  in  each  level  are  indicated  for  wing  design  as  an  example. 

The  number  of  parameters  increases  greatly  as  the  designer  goes  into  more  detail.  Judicious 
choice  of  the  parameters  to  be  optimized  in  each  cycle  cr  level  is  important  T’-c  designer  cannot 
afford  to  diss’p'ue  his  resources  on  optimization  of  secondary  parameters.  Tv  -.  an  extreme  example, 
why  optimize  rivet  size  and  spacing  if  the  wing  aspect  r3tio  is  still  being  varied? 

The  total  system  is  designed  at  the  conceptua'  level  where  Idea.;  and  innovation  are  essential 
whereas  elements  are  of  concern  in  the  detailed  levels.  On  the  other  hand,  parameter  optimization  in 
the  conceptual  phase  may  be  inaccurate  because  the  analyses  used  are  not  of  sufficient  depth  to  include 
detailed  design  parameters  that  eouid  affect  some  of  the  primary  parameters.  I  am  thinking,  in  particular, 
of  the  flutter  problem  which  involves  the  integrated  effect  ol  many  structural  and  aerodynamic  parameters, 
seme  of  which  may  be  frozen  before  a  comprehensive  flutter  analysis  can  be  made. 

Optimization  strategy  also  varies  wl*h  design  level  and  three  appi  oach°s  a-e  indicated.  The  mathe¬ 
matical  approach  uses  the  processes  discussed  above:  it  is  useful  at  all  levels.  Trade-off  studies  explore 
a  range  of  solutions  around  a  local  optimum  to  determine  sensitivity  to  changes  before  committing  to  a 
specific  arrangement.  Sequential  refining  is  the  application  of  more  accurate  analytical  modeling  without 
formal  mathematical  optimization  processes,  but  these  refined  analytical  models  can  be  subjected  to 
mathematical  optimization  and  trade-off  studies,  also. 

Incorporation  ol  optimization  procedures  into  an  automated  design  system  imposes  several  require¬ 
ments  in  addition  to  the  basic  technical,  search,  and  mathematical  capabilities.  The  user  must  have  great 
flexibility  in  t>°  way  he  sets  up  each  particular  task.  He  must  bt  able  to  spe.  >-y  the  merit  function  and 
the  constr&jr.iy  and  independent  design  variables  he  desires.  He  must  h-ve  gre„  freedom  of  choice  in 
ihe  exect  -  sequence  and  the  particular  technical  and  optimization  methods  employed.  He  must  have 
<  o.npiete  cnn»vcl  over  the  computations  so  that  he  can  stop  the  search,  inspect  intermediate  results, 
i.  edify  the  't  „  cedure,  and  start  again.  All  this  dictates  that  the  design  system  must  be  very  fast,  flexible, 
and  versati  e;  but  only  an  aulomatc-d  system  can  accomplish  this  in  a  practical  way. 
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PROGRESS  TOWARD  INTEGRATED,  COMPUTER-AIDED  DESIGN 

From  the  discussion  so  fai ,  you  might  get  the  idea  tnat  little  has  been  done  to  integrate  discipline  a 
and  do  computer-aided  design.  On  the  contrary,  compute. s  are  used  extensively  to  do  all  kinds  of  design 
tasks  and  some  rather  sophisticated  systems  have  been  assembled  and  used.  The  point  to  be  made  is  that 
we  can  go  much,  much  farther. 

Figure  12  usts  a  sampling  of  the  code  names  and  oiiginators  of  programs  in  operation  or  under 
development.  The  list  is  not  exhaustive,  simply  representative,  References  8-14.  Several  programs 
with  a  company  as  originator  were  developed  under  U.S.  Air  Force  sponsorship,  for  example,  Reference  14 
Conceptual  vehicle  synthesis  codes  are  widely  used.  They  have  a  highly  computerized,  broad,  multi¬ 
disciplinary  base  but  relatively  little  technical  depth  in  some  disciplines  such  as  structures.  Such  comp  re  - 
hensi.e  systems  are  not  now  available  for  the  subsequent  design  phases  (preliminary  .u.d  detailed)  of  a 
complete  vehicle.  The  other  examples  shown  are  representative  of  progress  m  structural  analysis  and 
design.  Some  design  programs  size  individual  elements  of  a  prescribed  structural  arrangement  under 
given  loads,  using  optimality  criteria  for  minimum  weight.  Other  programs  integrate  loads  and  structuns, 
including  aeroelasticity  considerations,  some  doing  primarily  analysis  wh.le  others  emphasize  structuiai 
sizing.  Although  N AST RAN,  a  large  NASA  program,  Reference  15,  is  listed  under  structural  analysis, 
plans  for  future  additions  include  a  fully  stressed  design  module  to  provide  some  sizing  capability. 
Similarly,  other  programs  may  be  undergoing  increases  m  scope. 

The  aerospace  industry  is  not  the  only  one  that  is  automating  the  design  process.  Figure  13.  The 
U.S.  Army  is  considering  g  comprehensive  automated  design  system  for  each  cl  >ss  of  commodity  it  uato 
The  U.S.  Navy  has  been  steadily  increasing  its  use  of  compu*yr-aided  ship  design  and  the  U.S.  Maritime 
Administration  has  been  encouraging  accelerated  use  of  computers  in  commercial  shipbuilding  and  design. 
In  architecture  and  civil  engineering,  extensive  international  activity  in  automated  design  is  being  coordi¬ 
nated  and  fostered  through  technical  societies,  Reference  16.  All  this  is  further  evidence  that  integrated, 
computer-aided  design  is  an  emerging  technology,  the  benefits  of  which  are  widely  accepted 

In  general,  programs  for  computer-aided  design  have  been  built  to  provide  capability  in  one  design 
level  only.  Figure  14  shows  the  approximate  design  level  applicability  of  several  programs  listed  in 
Figure  12.  Note  that  the  IPAD  program,  which  will  be  discussed  later,  is  the  only  one  intended  to  cover 
all  design  levels  in  a  single-integrated  system. 

The  IPAD  program  will  be  described  in  the  next  section  to  illustrate  the  type  of  integrated, 
computer-aided,  system  design  programs  that  can  be  developed  today  and  the  beneLls  that  can  be 
achieved.  But  first,  let's  examine  two  representative  structures  programs  (IDEAS  and  ATLAS)  that 
have  demonstrated  substantial  improvements  already.  The  structure  of  an  aerospace  vehicle  contains 
more  parts  and  details  that  require  exacting  design  than  any  other  subsystem.  The  aii frame  of  a  widi 
body  jet  transport,  for  example,  contains  more  tnan  1,000.000  parts.  Consequently,  structural  analysts 
and  designers  of  airplanes,  missiles,  space  vehicles,  ships,  and  buildings  are  leading  proponents  of 
computer-aided  design. 

Figure  15  is  a  simplified  layout  of  the  Integrated  Design  Analysis  System  (IDEAS)  developed  by  the 
Grumman  Aerospace  Corporation,  starting  in  1967.  Reference  17.  IDEAS  is  a  highly  organized  system 
of  more  than  70  computer  program  modules  interrelated  by  data  packages  fr^m  a  central  data  bank  that 
stores  all  calculated  data.  Sequencing  and  execution  of  these  modules  enables  the  design  team  to  plan, 
schedule,  coordinate,  and  control  ?  stream  of  analyses  that  provide  internal  loads,  deflections,  and 
temperatures  for  many  subsequent  analyses  by  several  engineering  groups  IDEAS  is  primarily  used  'i 
the  detail  level  and  the  flow  of  information  in  the  first  and  subsequent  IDiAS  cycles  is  an  integral  part 
of  the  Grumman  design  organization  and  process.  IDEAS  was  used  to  design  the  F-14,  requiring  over 
2000  computer  hours.  This  application  verified  their  initial  predictions  of  substantial  reductions  in  the 
time  and  engineering  man-hours  required  to  accomplish  the  same  tasks  by  conventional  procedures  It 
is  a  major  step  forward  in  computer-aided  analysis  and  demonstrates  Jiat  real  gains  are  indeed  attain¬ 
able.  However,  it  currently  contains  only  a  limited,  but  growing,  capability  for  design,  that  is.  for 
determining  allowables,  margins  of  safety,  and  resizing. 

The  development  of  the  IDEAS  program  concentrated  on  building  interfaces  between  accepted  analysis 
procedures  and  deliberately  avoided  new  technology.  A  different  approach  is  being  taken  in  The  Boeing 
Commercial  Airplane  Company  in  developing  an  integrated  structural  analysis  ari  design  system  (ATLAS). 
Figure  16.  Its  objective  is  to  integrate  related  structural  disciplines  in  a  common  framework,  applicable 
to  most  design  levels,  with  emphasis  on  automated  control  of  program  flow  and  data  communications 
between  modules,  utilizing  Ml  available  computer  resources  to  achieve  "op.imal"  processing  efficiency. 
Thus,  ATLAS  has  a  control  module  that  functions  like  a  design  manager  to  make  analysis  path  decisions 
and  monitor  their  execution.  Module  development,  a  technically  oriented  language  for  task  definition, 
and  emphasis  on  automatic  input  data  generation,  are  among  its  new  technology  features.  The  development 
of  the  analysis  loop  for  strength  design  is  operational  and  that  for  stiffness  is  near.ng  completion.  Future 
additions  planned  include  flutter  design  modules  to  resize  for  the  r.exi  analysis  cycle.  ATLAS  has  been 
applied  tc  several  analysis  tasks  and  a  comparison  of  the  time  and  resources  required  by  ATLAS  and  by 
conventional  methods  to  do  the  same  structural  analysis  job  or  *  supersonic  commercial  transport  at  the 
preliminary  design  level  showed  that  both  manpower  and  flow  time  were  cut  in  half. 
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INTEGRATED  PROGRAMS  FOR  AEROS.'ACE-VEHICLE  DESIGN  (IPAD) 

The  next  step  toward  design  automation  in  the  aerospace  industry  is  to  assemble  a  computer-aided 
design  program  for  complete  vehicles  or  for  an  entire  transportation  system.  NASA  is  studying  the 
feasibility  cf  such  a  system  called  Integrated  Programs  for  Aerospace- Vehicle  Design  (IPAD),  Figure  17, 
Reference  18.  The  basic  software  in  IPAD  could  be  used  on  other  design  projects  too.  The  U.S.  Air  Force, 
Army  Navy,  and  industrial  companies  are  participating  in  these  studies.  IPAD  in  the  design  situation 
wit1  provide  the  software  for  conducting  the  design  process  with  people  and  computers.  The  major  software 
elements  are  the  Executive,  the  Data  Base  Manager,  the  Utilities,  and  the  Operational  Modules.  The 
Operational  Modules  are  the  computer  codes  that  perform  particular  analysis  or  design  functions.  These 
programs  are,  for  the  most  part,  now  in  use  but,  in  most  present  design  activity,  they  are  linked  together 
by  humans.  In  IPAD,  programs  can  be  linked  together  in  the  computer  in  any  sequer.ee  desired  by  the 
designer  through  the  Executive,  which  is  the  manager  that  interfaces  with  the  user,  provides  him  control 
of  the  process,  and  provides  instructions  for  carrying  out  each  part  of  the  design  task.  The  Data  Base 
Manager  and  Utilities  are  the  Executives’  staff  assistants  that  collect,  organize,  store,  distribute,  and 
display  information,  computational  activity,  and  task  sequences  for  effective  operation  and  control  of  the 
process.  The  primary  NASA  goal  in  IPAD  is  the  development  of  the  IPAD  core  -  the  Executive,  Data 
Base  Manager,  and  Utilities.  NASA  will  develop,  also,  some  Operational  Modules,  as  appropriate,  but 
most  of  them  will  be  programs  already  available  to  the  IPAD  user.  IPAD  will  be  constructed  so  that 
modifications  required  to  fit  existing  Operational  Modules  into  the  IPAD  system  will  be  minimized. 

Figure  18  gives  a  different  overview  of  IPAD,  shows  the  interrelationships  between  the  major  com¬ 
ponents  and  illustrates  the  engineering  usage  philosophy.  The  technical  management  end  engineering 
capability  utilized  reside  in  the  people  (managers  and  users)  and  the  library  of  data  and  automated  modules 
they  have  developed.  They  exploit  their  capability  through  a  variety  of  computer  hardware  and  software. 
The  host  computer  has  a  variety  of  peripheral  devices  to  facilitate  user  input  and  output  ar.d  his  interaction 
with  the  computer.  The  IPAD  framework  software  supports  and  augments  the  capabilities  of  the  operating 
system  software  and  the  automated  analysis,  design,  drafting,  and  management  tools  of  the  user. 

The  objectives  of  IPAD  aie  given  in  Figure  19.  NASA  envisions  a  versatile  and  open-ended,  multi- 
discipbnary  design  tool  that  can  handle  a  wide  variety  of  design  situations  and  be  responsive  to  the  needs 
of  the  designer.  The  objectives  are  not  directed  toward  fundamental  changes  in  the  current  design  process 
but  toward  better  and  more  extensive  use  of  the  computer  in  existing  organizations.  IPAD  will  be  struc  - 
tured  to  do  any  group  of  tasks  the  designer  chooses  with  complete  automation  possible  on  tasks  lor  which 
appropriate  operational  modules  are  available.  The  basic  idea  is  to  integrate  design  activity  through  the 
computer  to  speed  up  the  process.  Automation,  in  the  sense  discussed  in  this  paper,  will  then  grow  as 
the  IPAD  system  is  developed. 

Since  the  IPAD  data  bank  can  contain  all  data  on  the  status  of  a  design  project,  it  can  contain  records 
and  logs  of  all  activities  that  have  occurred  and  can  display  them  ana  compare  them  with  plans.  Its  capa¬ 
bility  in  this  area  can  greatly  reduce  the  demand  on  men  to  maintain  so  many  routine  records.  Therefore, 
i1  introduces  new  control  features  between  the  people  and  the  systems  within  an  organization  and  a  way  to 
achieve  more  accurate  information  and  more  positive  communication.  Thus,  engineering  project  manage¬ 
ment  may  more  efficiently  plan,  control,  and  communicate  design  information,  Reference  2. 

The  status  cf  IPAD  is  given  in  Figure  20.  Two  feasibility  studies  are  being  deducted  for  NASA  by 
The  Boeing  Commercial  Airplane  Company  ana  General  Dynamics/Convair  Aero. “pace  Division  with  com¬ 
pletion  scheduled  in  September  1973.  The  IPAD  system  development  plans  resulting  from  these  studies 
will  be  evaluated  by  NASA  with  assistance  of  the  aerospace  industry  in  the  months  that  follow.  Development 
of  the  core  software  of  an  acceptable  system  wiil  begin  then  at  a  pace  determined  by  the  available 
resources.  When  a  functioning  IPAD  system  is  developed,  it  wiil  be  released  to  the  U.S.  aerospace 
industry  for  checkout  and  design  use.  The  dates  on  Figure  20  are  the  current  estimate  of  the  time  required 
for  the  irst  level  of  IPAD  to  become  operational  in  U.S.  industry.  IPAD  will  be  a  tool  for  U.S.  industry 
primarily  and  the  U.S.  Government  secondarily. 

Operational  modules  will  be  collected  and  modified  to  function  in  IPAD.  Some  of  them  may  be  NASA 
computer  programs  (for  example,  NA5TRAN,  Ref.  15)  developed  in  a  continuing  research  and  lechnology 
program;  others  may  be  developed  to  fill  particular  technology  gaps  in  the  IPAD  approach  tc  design.  The 
status  of  computerization  of  Uie  technical  capability  that  resides  in  such  operational  modules  for  pre¬ 
liminary  design  of  large  supersonic  and  subsonic  commercial  transport  aircraft  is  summarized  in 
Figure  21 .  It  shows  that  we  have  a  long  way  to  go  to  achieve  the  full  potential  of  computerization  and  that 
a  significant  fraction  cannot  be  coded  with  the  present  state  of  the  art.  Examination  of  the  detailed  and 
final  design  phases  and  of  this  or  other  vehicles  wo<  Id  show  a  similar  picture.  Therefore,  many  gaps 
must  he  filled  before  we  can  have  a  lully  effective  automated  design  capability.  It  is  also  clear,  however, 
that  some  analyses  used  in  the  design  process  and  the  extensive  testing  required  will  never  be  completely 
automated. 

A  basic  objective  in  the  implementation  of  an  IPAD  system  is  the  exploitation  of  the  capabilities  of 
a  suliorainate  computing  system  to  enhance  the  design  productivity  of  a  project  engineering  team.  The 
design  environment  associated  with  IPAD  will  enrich  individual  participation,  encourage  more  team 
activity,  and  encourage  greater  user  creativity.  The  total  work  environment  will  be  improved  with  its 


principal  outside  manifestation  in  a  number  of  IPAD  work  and  management  centers  or  rooms,  The 
particular  room  illustrated  in  Figure  22  is  an  IPAD  executive  room  for  engineering  and  management 
reviews  that  is  equipped  with  t  variety  of  remote  terminals  and  display  devices  to  enhance  the  evaluation 
of  technical  and  administrative  data.  Other  rooms  with  different  arrangement  of  equipment  would  be  used 
as  IPAD  workrooms  in  which  Interdisciplinary  teams  could  create,  review,  and  change  design  concepts 
and  details  in  trade  -off  and  optimization  studies  as  well  as  in  individual  specialized  design  activities. 

The  number  arid  type  of  i  corns  required  depends  on  the  type  and  level  of  projects  underway  at  a  particular 
time. 

Figure  23  is  a  photograph  of  the  Mission  Control  Center  at  the  Lyndon  B.  Johnson  Space  Center  in 
Houston.  Texas.  It  uses  many  of  the  features  expected  in  an  IPAD  executive  or  workroom.  Therefore 
much  software  and  hardware  experience  applicable  to  IPAD  is  available  now. 

IPAD  BENEFITS 

The  primary  benefit  expected  from  IPAD  will  be  an  increase  in  designer  productivity  from  the  utiliza¬ 
tion  of  system  software  and  design  methods  that  increase  technics,  capability  and  creativity  and  reduce  cost 
and  flow  time.  Reinvestment  of  time  and  cost  savings  can  provide  belter  products  sooner  and  cheaper  and 
thus  insure  greater  technical  depth  before  product  fabrication.  The  potential  benefits  of  IPAD  have  been 
evaluated  by  studying  the  time  and  labor  util' zed  in  the  design  process,  by  determining  the  savings  experi¬ 
enced  with  currently  available  systems  such  as  those  ’isted  on  Figure  12.  and  by  estimating  the  extension 
of  such  savings  on  small  tasks  to  the  whole  system  design  task  in  a  large  organization.  The  results  are 
presented  in  Figure  24  where  a  range  of  values  are  giver,  because  characteristics  of  design  projects 
differ  Manpower  costs  are  classified  as  technical  management,  technical  judgment,  and  technical  routine 
with  the  latter  twc  divided  into  subgroups.  The  current  distribution  of  effort  and  that  in  IPAD  are  given 
along  with  the  estimated  cost  savings  Note  that,  ar,  expected,  the  largest  savings  accrue  in  technical 
routine  with  no  cost  swings  anticipated  in  technical  management.  Total  cost  savings  are  estimated  at 
20%  to  60%,  depending  on  the  project,  with  «.5%  to  90%  savings  ir.  flow  time. 

Design  productivity  trades  available  to  the  IPAD  user  are  illustrated  in  Figure  26.  Cost,  flow  time, 
and  design  quality  are  plotted  on  three  orthogonal  axes  with  >n  arrow  projecting  from  the  origin  to  indicate 
a  particular  combination  selected  for  a  design  project  usin  '  ■  urrent  methods.  If  IPAD  could  be  used,  the 
chief  designer  would  have  the  additional  options  indicated  oy  the  three  other  arrows.  For  the  same  cost 
and  time,  he  could  :nci°ase  design  quality  (vertical  arrow]  and  thereby  reduce  his  company  risk  in  the 
development  of  his  product.  Alternatively,  he  could  reduce  cost  or  flow  time  for  the  same  design  quality 
(right  ani  left  arrows'  or  he  could  select  some  other  comoination.  Thus.  IPAD  can  provide  new  opportu¬ 
nities  to  increase  the  productivity  of  a  design  stiff  in  the  highly  competitive,  tight  budget  environment 
that  exists  today. 

The  development  of  systems  such  as  IPAL  will  ci.vJivsc  for  many  years  but  leave  room  for  even 
more  automation.  In  addition,  the  availability  of  such  too:-?  mD  change  the  nature  of  the  design  process 
and  identify  other  needs  and  opportunities  for  improve  no?‘t.  To  prepare  ourselves  we  should  conduct 
research  or.  the  design  process  itself  as  well  as  reseai.-r.  design  technology.  We  awst  learn  more 
about  combining  men  and  machines  in  organizations  that  wi>i  produce  the  best  design  quickly  and  economi¬ 
cally.  Research  on  the  design  process  must  consider  both  technical  and  social  factors  if  we  are  to  reach 
our  optimum  design  goal.  The  technical  side  of  new  analyses,  synthesis  methods,  ar.d  computer  hardware 
and  software,  is  clear-cut.  The  social  part  is  only  partly  understood  uvv.y .  A  large  design  organization 
is  a  dynamic  social  system  that  cannot  be  managed  well  without  knowledge  of  the  social  forces  that  con¬ 
stantly  buffet  it.  Such  knowledge  will  become  more  important  in  the  future  as  members  of  're  design 
team  become  increasingly  concerned  about  competition  with  the  computer.  More  technoi.-gy  is  available 
today  for  design  automation  than  the  social  side  will  accept,  References  1  and  19. 

CONCLUDING  REMARKS 

Great  progress  has  been  made  in  the  computerization  ol  analysis.  Computerization  of  design  is 
underway  and  the  time  and  technology  are  right  for  exploiting  this  emerging  field.  However,  design  auto¬ 
mation  must  emphasize  computer  application  for  enhancing  communications  and  management  as  well  as 
calculations  Speeding  the  flow  of  information  (data  and  decisions)  is  the  next  contribution  that  will  enable 
big  design  organizations  and  their  man-computer  teams  to  design  better,  jaaier,  and  cheaper.  NASA- 
industry  studies  have  identified  an  IPAD  system  that  can  be  developed  from  existing  technology  to  provide 
the  desired  benefits.  Additional  research  on  the  design  process  is  needed  to  tell  us  how  to  arrange  future 
man-to-man  and  man-to-computer  interfaces  to  accomplish  even  more.  Surely,  a  ,;omaiion  will  Increase 
and  gradually  change  the  characteristics  of  the  design  process  and  the  designers  involved.  Cer<  anly  any 
organization  that  plans  to  be  a  leader  in  design  of  advanced  vehicles  arid  systems  of  the  future  must  be  the 
leaders  in  the  development  and  application  of  automated  design  processes. 
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Figure  2.  Cost  impact  of  untimely  engineering. 
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Figure  5.  The  basic  design  process. 
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Figure  6.  Current  desigr  procedures. 
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Figure  7.  Design  process  in  the  time  domain. 
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Figure  12.  Progress  toward  automated  design  in 
aerospace. 
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Figure  iC.  Boeing  Integrated  Analysis  System 
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Figure  17.  NASA  Integrated  Programs  for 
Aerospace- Vehicle  Design  (IPAD). 


Figure  18.  IPAD  overview. 
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Figure  23.  Mission  control  at  NASA- JSC. 
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Figure  21.  Technical  capability  for  automated 
preliminary  design  of  subsonic  and  supersonic 
commercial  transports. 
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Figure  24.  Polent.ial  savings  from  IPAD. 
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Figure  22.  IPAD  executive  room. 


Figure  25.  IPAD  design  productivity  trades. 
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SUMMARY 

This  lecture  <>  intended  to  give  a  survey  of  the  possibilities  of  mathematical  statistics  for  engineering  evaluation  of  reliable  data  sets  for 
design  weight  estimates  of  first  level  accuracy 

In  order  to  choose  quasi  orthogonal  weight  parameters,  the  application  of  partial  correlation  analysis,  which  is  based  on  extensive 
idealization  of  the  physical  relationships  between  weight  and  design  variables  is  proposed 

Proceeding  from  a  classical  form  of  regression  analysis,  several  statements  specially  adapted  for  finding  weight  prediction  formulas  Will 
be  described 

•  constra  ’  regression  for  development  formulas  which  give  physically  mterpretable  weight  trends,  using  methods  of  quadratic 
optimizatioi 

•  non  linear  'egression  statements  which  v.'dl  be  solved  by  the  aid  of  iterative  computer  routines 

For  the  purpose  of  comparing  the  developed  formulas  with  existing  procedu.es,  several  methods  of  error  probabih'y  theory  wll  be 
discussed 

Some  practical  examples  will  show  the  possibilities  o*  applying  statistical  evaluations. 

RESUME 

L'emploi  de  mEthodes  statistique  avancEes  pour  determiner  te  poids  du  projet. 

L  expose  donne  un  apergu  des  poss.bilites  offertes  pai  ia  statistique  mathematique  dans  le  domame  de  I  exploitation  par  les  technioens 
de  collectes  de  donnees  au  sujet  du  calcul  a'u  poids  d'un  projet  du  ler  degre  de  precision 

Pour  les  choix  des  parametres  quasi  orthogonaux  ayar.t  one  influence  sur  le  pO'ds,  il  est  propose  d  employer  l  artalyse  partielle  en  corre 
lations,  basee  sur  une  idealisation  exteoswe  des  rapports  physiques  entre  le  poids  et  les  parametres  du  projet 

A  part.r  d  une  forme  class.que  de  ana.yse  regressive,  differentes  dispositions  adaptEes  speualemeni  au  calcul  de  formulas  d  estimation 
du  DO.ds  seront  decrites  quant  3  leur  utilisation  pratique 

-  regression  "forcte"  pour  le  developpemen;  de  formules  donnant  de;  tendances  de  po.Js  mterpretables  physiquement.  eh  utihsarit  des 
methodes  d' optimisation  quadrauoua 

-  dispositions  en  regression  nor.  ImEaires,  resolues  a  I'aide  de  rouines  d'nfcration  programmEes. 

Differentes  methodes  de  la  theorie  des  probabilites  d'erreur  «  on>.  r*  tcu  ces  Sans  le  but  de  comparer  les  formules  deveioppees  avec 
les  precedes  connus 

Oes  exemples  pratiques  permeuron;  de  dfterm  ner  ies  possibu  if!s  et  iimutes  d  appi  ation  Je  methodes  d\  xploitation  statistique. 


NOTATIONS  AND  ABBRE  .TAT'CNS 

A  matrix  of  coefficients  for  the  normal  equation  system 
of  the  multiplicative  regression  formulation 

a.a-j  j  error  scatter  parameters  for  erro'  mean  and  standard 
deviation 

Byq  "coefficient  of  partial  determination" 

b  vector  of  the  estimates  for  (5 (problem  of  non  linear 
regression) 

vector  of  the  normal  equation  (multiplicative  'egression 
s*atementS 


b  wing  span 

average  geometrical  wing  rib  spacing 
H 

0  solution  vector  of  the  classic  reqress.on  problem 

Cd  compression  panel  coefficient 

C,  general  constants 


C(j) 

C, 

d 

E 


f 


F. 


exponents  or  coefficients  of  var.ous  regression 
sta'emertt 

shear  web  coefficient 

local  wing  box  depth 

statistical  expectation 

constraint  coefficient  for  elastic  probk.v.- 

error  mean  for  a  statistical  estimating  function 

required  cross  suction  of  the  wing  bending  material 

proportion  of  Fg  which  is  determined  by  the  leading 

required  cross  section  of  the  comp. ess. on  panel 

required  cross  section  o*  she  tensile  panel 

planform  area  of  various  secondary  structure  components 


Fa  effectiv  .-  nb  flange  cross  section 

i- 

Fb  effective  rib  shear  web  cross  section 


F(  required  cross  section  for  the  wing  shear  webs 

Fj  proportion  of  Fj  which  is  determined  by  the  loading 

Ft(,  wing  reference  area 

f(i)  individual  en'Or 

G  general  notation  for  weight 

g  vector  of  all  observed  weights 

g<i)  logarithm  of  an  individual  weight  estimate 

Ga  max  take-cff  weight 

"max 

Gg  suess  cross  design  weight 

Ggj  weigh!  of  the  bending  material 

GpL  wing  sveight 

Gpp  weight  of  the  wing  rib  flanges 

Ggg  weight  of  the  wing  rib  shear  webs 

3ggK  weight  of  the  wmg  secondary  structure 

8j  specific  weight  {weight  per  unit  aiea) 

b  effective  wing  box  depth 

i  index  running  over  all  observations  in  a  sample 

I  unit  matrix 

Jnb  mass  .elief  coefficient  (bending)  Jnb  -  Jm  Js 

Jni  mass  relief  coefficient  (shear) 

Js  shear  reduction  farter 

j,k  dex  running  over  all  weight  influence  parameters 

K.Kj  general  constants 

k^  lift  distribution  coefficient 

k:  integration  factor  (bending) 

‘b 

k(i  integration  factor  (shear) 

**N0  non  optimum  factor 

kj  shea'  web  depth  coefficient 

&bfj 

Lo  effective  wmg  rib  spacing .  L0  -  ■ppr 
!  local  wing  chord 

IpjK  local  wing  box  chord 

ju  aerodynamical  mean  chord  of  the  wmg 


ultimate  load  factor 


zero  matrix 


statistical  probability 

measure  for  the  validity  rangeof  a  statistical 

estimating  function 

number  of  weight  influence  parameters 

matrix  of  all  discrete  weight  parameters  values 
in  a  sample 


effective  wing  flange  load 

max.  wmg  shear  load 

structural  index  for  shear  loadi.K? 

statistical  valuation  parameter 

matrix  of  the  two-dime  wional  correlation  coefficients 


correlation  coefficient 


error  standard  deviation  tor  a  statistical  estimating 


sum  of  deviation  squares 
statistical  probability  distribution 


minimum  rib  thickness 


vector  of  N  LAGRANGE  multipliers 

bending  matei  ial  propo  r;;>n  determined  by  the  loading 

shear  material  proportion  determined  by  the  ioading 

vector  of  additionally  aduced  unknown  variables 
(WOLFE  method) 

general  vector 

general  variables 

vector  of  additionally  introduced  unknown  variables 
(WOLFE  method) 

exponent  of  various  regression  statements 

solution  vector  for  the  problem  on  non-linear  regression 

density 

confidence  level 
wing  thickness  ratio 

•  3  6 w  t  63 

equivalent  thickness  ratio  6  -  - 

vector  of  the  individual  deviations  bet  wee"  estimated 
and  actual  weight  for  a  data  sample 

wing  box  chord  ratio  e  =  j — - 

vector  of  all  unknown  variables  for  the  problem  of 
non-linear  regression 

rib  spacing  ratio  *  = - - 


mg  rib  bending  stress  ratio 

m,  rib  shear  stress  ratio 


wing  asoect  ratio  A  ! 


wing  taper  ratio  \  = 


number  of  observations  a  sample 


mean  value  of  a  normal  distribution 


n 


number  ot  weight  influence  parameters 


0 


standard  deviation  of  a  normal  distribution 
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£>8,  equivalent  wing  bending  stress 

uDr  teste  compression  stress 

oQzj,  allowable  compression  stress 

°Ra»  *><Juivl,!nt  bending  strerc 

oZtuf  allowable  tensile  stiert 

r^  basic  shear  •'tress 

’liul  allowable  srwar  stress 

^50  sv»  "ep  3ngib  of  i  te  wing  box  center  line 

t>  objective  facet  kins  i  ’  an  optimizat.an  process 

stitis:ic*i  protabm'y  dirti.bu'ion 

ABdRF.V.ATtONS 
c  wing  tip 

t  cross  section  in  the  aircraft  symmetry  area 

diovre  ons  in  the  ttrucniral  coordinate  syr*em 
w  v.ing  '<~ot 

1.  INTRODUCTION 

The  qeoer«l  efforts  to  minimise  the  C-hi^vatie  weight  are  one  of  tf.e  basic  prerequisites  for  the  realization  of  efficient  aircraft  design. 
The  weight  c‘  an  aircraft  is  one  of  the  most  i.-nportarit  efficiei«CY  parameters,  since  the  ente-ia 

•  cost 

•  structural  efficiency 

•  flight  feff  irmances 
»  safety  t.od  reliability 

are  ,n  cir'C  correlation  to  the  weigh*  (see  Fig 


Fig.  1  THE  HUB  OF  THE  WHEE1 
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Duetomejerelationthips.  the  aiicrefi  engineer  is  compel  to  pred'M  *ha  weight  of  the  vehicle  to  be  designed  and  constructed  with 
high  accuracy  si  early  as  the  preliminary  .'tag-;  The  variety  cf  present  weight  estimating  procedures  can  be  broken  down  into  two 
major  groups: 

AmHyrjcei  method^  lilotving  the  sopuence- 

•  Definition  of  the  outer  geometry  (in  accordance  witr.  payload  teouiremems  aerodynamics,  engine  ins;ai*ati  _.i  etc. 

•  Estimating  of  the  critical  loads  or  cf  numerics!  values  tor  -Mher  design  cr-teria  (e.g.  power  requirement  tor  the  electrical  system! 

•  Fixing  os  the  structural  iayo'jr  m  pr iixioie 

•  Prediction  of  the  c.  >W'.\  cross  sections  for  the  primary  coinponer.ts  in  accordance  with  existing  strength,  stiffness  or  operational 
requirements 

•  integration  of  the  material  ccncentrat'on  locally  necessary.  takir>g  ir..o  consideration  existing  manufacturing  restrictions. 

Statistical  evaluations  cf  weight  d.ta  of  computable  existing  aircraft. 

The  first  methods  are  nut  practicable  in  the  earliest  design  phase  ithe  coi  cept  phase!  Decs  use  the  majority  of  the  required  input  dats  ire 
still  unknown  and  estimated  can  be  Ccrr:ed  nut  only  ip  oart.  i«i  addition,  the  expense  necessary  for  Site  numerical  calculations  is  very 
high,  so  that  it  is  not  possible  to  get  sfiit:a!  results  ve-y  quickly,  even  where  a  high  speed  computer  is  available. 

The  second  group  of  procedures  has  its  own  restrictions  toe,  but  it  shows  a  bypassing  of  the  complex  analytic!  problems  in  pract:  7.  if 
all  possibilities  of  mathematical  s'aiistics  are  used  very  consistently  by  correcting  rti9  numerical  v  jlues  of  design  parameters  and  weights 
of  contemporary  aircraft. 

At  the  p"'$e:i.  time,  such  types  of  estimating  formulas  are  a  fundamental  tool  of  the  project  engineer  in  many  technical  fields  Since 
very  often,  much  empirical  experience  is  included  in  the  methods  for  developing  such  "rules  of  thumb"  themselves,  they  have  so  far 
been  published  very  seldom. 

This  lecture  is  intended  to  give  a  rough  survey  of  the  advanced  possibilities  of  statistical  eveiua'ion  methods  using  high  speed  computers 
to  increase  the  cost  effectiveness  of  the  design  proceu.  Furthermore,  the  p*  7  fee  of  this  paper  is  to  show  that  very  often  essentia! 
mathematical  assumptions  of.  statistical  analysis  are  disregarded  in  practical  a;  piral.ons,  resulting  in  considerable  errors  in  many  cases. 


Ip  addition,  this  paper  should  highlight  the  problem  area  of  module  development  for  enmputer-aided  design  synthesis  programs. 
Although  the  weight  prediction  subroutines  are  only  a  small  oart  oi  ih*  K  '7l  process.  «his  lecture  should  illustrate  to  what  extent  all 
detailed  problems  must  be  investigated  to  get  rev..:s  of  reasonable  ato 'm.  •:  is  taken  into  consideration  that  the  presented 

methodology  only  offers  the  possibility  of  cbtt.  rig  estimating  function-  of  first  l-jvr  1  curacy,  t >n  it  w:i!  be  obvious  what  restric- 
.ions  still  exist  for  applying  computer-aided  design  programing  to  t>'  >  automation  of  the  preliminary  design  process.  Especially  for  the 
investigation  of  unconventional  designs  it  seems  necessary  to  combm-  utomatec  computer  routines  whh  human  engineering  experi¬ 
ence.  At  present  it  is  not  possible  to  allow  for  all  complex  non  linear  ip  luences  on  the  design  it.-ration  process  (e.g.  aeroelastic  effects 
and  instationary  aerodynamics!.  The  flow  chart  of  a  typical  aircraft  design  program  as  described  by  R.R.  Keldenfe's  during  this 
symposium  is  shown  in  Fig.  2. 
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2.  BASIC  ASSUMPTIONS  AND  CONCEPTION  OF  THE  METHODOLOGY 

The  aims  of  this  investigation  are: 

•  to  work  out  t  new  methodology  for  the  development  of  statistical  weight  prediction  formulas  of  first  level  accuracy  fo’  the 
preliminary  aircraft  design  stage  to  improve  existing  methods. 

•  to  create  the  possibility  of  deriving  empirical  correction  coefficients  for  analytical  weight  calculation  procedures,  taking  intc 
consideration  influences  which  cannot  be  covered  analytically. 

For  this  purpose  the  following  pieresjulsties  must  be  fulfilled: 

•  an  extensive  collection  of  reliable  data  of  comparable  existing  sircrjf:  must  1'?  available. 

e  the  set  of  statistical  estimating  formulas  to  be  developed  will  be  applied  only  for  new  designs  which  correspond  to  the  contemporary 
technological  standard 

»  the  application  of  the  developed  formulas  for  weight  trend  evaluations  is  limited  to  minor  partial  changes  of  the  various  weight 
paramet<-x, 

•  for  control  of  the  numerica1  work,  a  high  spaed  com  jt*r  must  be  available. 


I:  should  be  emphasized  explicitly  that  it  is  necessary  to  expend  much  effort  »n  preparing  the  basic  data  set  since  even  very  sophisticat¬ 
ed  statistical  methods  cannot  compensate  for  the  lack  of  non-representative  data  samples 

The  proposed  methodology  can  he  broken  down  into  three  main  categories: 

a  Selection  of  significant  weignt  influence  parameters 

•  Prediction  of  the  estimating  functions 

•  Objective  valuation  of  alternative  formulas 

A  more  detailed  arrangement  is  sb&wn  in  F'g.  3. 
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Fig.  3  FLOW  CHART  OF  THE  PROPOSED  METHODOLOGY 

FOR  DEVELOPING  STATISTICAL  WEIGHT  ESTIMATING  FORMULAS 
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3.  SELECTION  OF  SIGNIFICANT  WEIGHT  PARAMETERS 

8*fore  we  look  for  suitable  ,'orrra'lations  for  the  estimating  formulas  containing  the  design  variables  which  are  available  in  the 
preliminary  stage,  the  ones  which  have  the  most  significant  influence  on  the  weight  must  be  selected. 


3.1  Graphical  Methods 

In  the  past,  it  was  common  practise  to  seek  weigt.t  relationships  in  an  empirical  manner,  plotting  the  weight  of  the  investigated 
component  versus  various  single  or  combined  parameters.  Such  time-consuming  trials  have  only  very  seldom  been  successful,  since  just  t 
lew  var'PWer  ctn  be  taken  into  consideration  simuluneousJy  in  e  graph.  Therefore,  the  multiple  functional  connections  cannot  be 
analyzed  in  this  voy. 

Furthermore,  phys  tally  incorrect  tendencies  will  5e  ocnervsa  hi  trend  analysis  for  such  empirically  developed  formulas.  The  reason  ii, 
that  al  iog  these  trend  curves  the  verictians  of  other  inportent  paremeters  are  suppressed.  As  an  illustration,  the  wing  weight  of  existing 
transport  aircraft  is  plotted  versus  the  wne  r«n;  thickness  ratio  in  Fig.  4.  The  structure:  aspect  ratio  is  taken  as  an  addittonal  influence 
perimeter.  For  reasons  of  comparison,  a  weight  curve  tor  constant  A,  pianform  dimensions  and  loading  ha;  been  predicted  using  an 
analytical  method,  it  *  obvi-jus  that  the  compa.abie  ssnpirica'ly  deveiopao  tre-od  curve  ha»  incorrect  local  gradients  and  s  physically 
un*xp!ai:ssble  minimum  location.  THjs  is  esussu,  by  «he  neglected  irtiluente  cf  other  important  paramters.  e.g.  the  load  level  and  the 
geometries'  configuration  fot  data  point  25  are  completely  different  from  those  for  point  4. 


AIRCRAFT  TYPES 

1-004*01 
2*k*125 
3  -  HFB-32P 

4- DHC4 
5  *  F-27 

5- BR941 
7-VFW«1C 
S-F28 

9  •  DC-9-10 
10  *BAC  1-11-400 
It  -  *737-338 
1?  -  itW  E 
t3<HS-121-l 
14-C-1S0D 
1S*C-11»H 
tc- britak*:a 

17  -  SC-310 
It  *  CL-44  J 
19*8737-100 
30  *09030 
31*  DC  *40 
22  *  8  707-323  B 
33- VC  - 10 

24 - C  14!  A 

25-  A300  52 
2S  *  NO«0  2*2 
27  -  KS-74* 


Wing  root  thicknws  who 


Fig.  4  EMPIRICALLY  DEVELOPED  WEIGHT  RELATIONSHIP 


3.3  Physical-analytical  parameter  selection 

An  alternative  method  is  the  physical-analytic*;  parameter  selection.  For  this  purpose,  the  inytstigeted  r.-ergh".  group  soil  be  idealizad  Si 
such  a  manner  that  the  relationships  between  the  weight  and  variCvS  parameters  can  be  approximated  by  simple  functions.  All 
int'uences  which  cannot  be  covered  directly  will  bs  expressed  by  unknown  exponents  and  coefficients  ;o  be  predicted  in  the  following 
regression  analyses. 

Since  a  general  procedure  cannot  be  suggested  the  proceeding  will  be  explained  in  principle  through  the  example  of  the  w*ng  weight 
estimate.  The  wing  weigh!  is  assumed  as  the  total  of  main  5  components: 
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GFL  '  Gei  +  Gs  +  GRF  +  GRS  +  C3ei«  (1> 

Ggl  Bending  material  (wing  box  cover  panels! 

Gg  Shear  material  (box  webs) 

Grf  Rib  flanges 
gRS  $h‘5*f  webs 

GS*sk  Secondary  structure  (flaps,  leading  edge  etc.) 

In  tbs  next  step,  simplified  relationships  will  be  developed  for  ail  these  terms  containing  oniy  variables,  -.nch  are  available  ir.  the 
preliminary  design  phase. 

As  an  illustration,  a  brief  description  of  the  estimate  of  shear  and  bending  material  is  given  hern: 

The  required  cross  section  of  the  shear  load  transferring  box  webs  at  riot  position  is: 


Furthermore: 


Qmaxjy 

Fsw'  rr,:r 


QmavA,  =  —  •  Jf;<  •  js  •  ngr  •  Gg 


(ngr  Gg!  is  ihe  design  load  level  (max.  load  factor  multiplied  by  stress  gross  design  weight).  Jm  takes  into  consideration  t)<r  ■'-ing  mass 
i •‘•of  and  Jj  is  a  measurement  for  the  shear  load  reduction  in  the  webi  due  to  the  box  depth  taper.  The  allowable  shear  svesr  depends 
primarily  on  the  shear  structural  index  as  shown  in  Fig.  5  .The  reUt  unship  between  shear  stress  and  structural  index  can  h-e  linear  it  ed 
vsrv  simply  by  dividing  t1-**  various  abciss  values  in  rig.  5  by  the  abscissa  values  m  Fig.  5  bv  the  appropriate  allowable  shear  stresses: 


rl  a,h*2. 

hs2  (  so 


- — 4 — J - 1 - - 

1  I  III! 

Enveloping  curve  s*  cot  results 
]for  different  tvoas  of  construction-' 


4-4—1 


[eecortfeig  *o:  SHAflLEY  {1}  | 


The  types  of  construction  are  oytrmaffy  adjusted! 
to  the  specific  shut  an  el  index  !  I _ j_ 


Saar  structure  fades 


O 

h.2  '  em2' 


Optimal  sheer  street  of  remf  oraed  sheer  webs 


Fig.  S  PHYSICAL-ANALYTICAL  WEIGHT  PARAMETER  SECTION 


Cj  and  r  jq  ii.  Eq.  (4)  are  typical  constants.  The  required  wing  root  shear  web  cross  section  will  then  be: 


Jns  - Js-rar  -Gg 

FSw«2  C,  ks2  dw2  ♦ - JT7— 


(S) 


Assuming  e  suitable  cross  section  distribution  function,  the  shear  material  weight  results  fiom  the  integration  along  the  structural  span: 


!  _  -.to.  ..  ngr  •  Ge  -*s  ’  -Ins  ‘  kis  1 

G,  =  -t  kno-{2  ^  k^-6s2  l<rs  Mh+  ~jr^,  '  '  2^7“  J 


(6'. 


''NO- the  10  "non-optimum"  factor,  represents  the  average  ratio  of  the  shear  web  weights,  calculated  for  existing  aircraft  with  Eq.(6) 
(k^o  1  TO!  to  the  actual  weights,  k js,  the  integration  factor,  contains  the  ratio  of  the  average  integral  value  of  the-  actual  lift  distribu 
tion  to  that  of  constant  loading  per  scan  unit. 

In  a  similar  manner  the  bending  material  cross  section  at  the  root  can  be  expressed  by: 


FBW  '  •  !  0Z?U,  *o2zu|  » 


(7) 


The  allowable  stress  levels  can  be  estimated  as: 


tensile:  °ZZul *  °‘8  '  °ZBr  compression:  o^,  =  f  < 


(SI 


Applying  an  enveloping  curve  of  test  data  (similar  to  Fig.  5)  the  requi>ad  cross  section  for  compression  foliows  from: 


FBdvy  =  cd  -  Lo  •  *HKw  + 


PFW 

‘J00 


Both  allowable  ru css  level*  can  be  combined  by  definition  into  an  ''equivalent  bending  stress"  0  Ba 


P  F 

f8W’27-  oBa, 


2o  Do-  oZpji 
°Do  *  oZzu , 


(9) 


(101 


The  effect ,ve  fl*%e  load  can  be  expressed  as 

pL.i 


FW  =  i  ^  ^  "Br  Gb 


(111 


The  to*;:  pending  material  cross  section  -s: 

FBweF80w+FBZw 

Using  the  Eq.'s  (9)  v  (12)  the  resuit  is: 


(121 


In  a  similar  manner  (for  details  see  SHAN  LEV  [  1 1).  the  root  cross  sections  for  the  rib  sheer  webs  and  the  rib  flanges  can  be  predicted  as: 


ibR 


2  Fth-  tSo 

itQf  G3  ■  lHKw  -  h* 


(14) 


FRpw' 


4-dwFth 


(15) 
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The  weight  of  the  secondary  structuic  b  estimated  by: 

GSEK’SSEK'Fth  where:  9SEK=  -  7i-(-j^)  (16) 

The  various  g;  are  typical  specific  unit  weights  (kg/m2)  of  the  secondary  structural  components  (trailing  edge  flaps,  ailerons,  leading 
edge  etc). 

The  following  prediction  steps  can  be  simplified  by  introducing  several  dimensionless  ratios: 


6S  = 


d _ 

I  •  cos  ^50 


(17) 


i  n-  *owl  bending  material  weight  then  resuits  from  the  integration  of  the  localiy  required  cross  section.  For  further  simplifications  a 
:  wsooable  distribution  of  tne  load  depending  on  the  cross  section  area  i:  assumed  and  several  variables  are  replaced  by  typical  r  tean 
values- 


»S  = 


3^S\y  *  4Sa 


VBges=  ^  K'b-  FBw  ,bS 


(18) 


Combining  Eq.  (12)  (13)  and  (18)  the  wing  box  bending  material  is  given  by: 

r- _ ,  f  „  —  kt  i  -  nBr "  Gfl  l  3nb  •  *ib  •  Kba  bj/2  ) 

GB^  kno  jCd •'  -rf-  •^h  +  T^iT  - - *T| 


2oSa 


(19; 


The  iota!  »»ii<g  weight  follows  from  the  addition  of  all  five  components: 

2 


Gfi  *  7  -  Kno  "  {[(  2cj  -  K,2  5S  +  ca  <r  ■  J  IpS  *  *Ro  3’  Fth  *  '"3^  ^ 


*  ri¬ 


ms 


2mRB  4S 


-'pc)]]  ♦8SEK  -Fth 


(20) 


This  wiry,  weight  equation  esn  be  approximated  by: 

G  =  Cl  -  pi  +  .  .  .  +  Cj  •  Pj  ai  +  .  .  .  +  Cn  •  Pn  ar'  <2’> 


The  unknown  Cj  and  wver  the  effects  of  the  idealization.  The  Pj  are  not  necessari  ly  single  variables,  but  can  include  the  functional  in¬ 
terdependence  of  several  variables  such  at: 


P,  =(K1ks2  .£S2  +  r  *s>  l„s  Fth 


5c  •<” 

Pj’ 


p-  *  JL?L_2i  ^  Jnt-kis  Jnb-  >V*ba  .  bs,  .  . 

J  OfU  'mj  3*e  dw 


°Ba  ms 

e  ' lu-  n8r  •  Gb 


p4=r(---*4^  a  — 

n>>  *mRg  5S  <>Ba 


(22) 


F5’9SEK-  F»h 
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This  statement  is  not  used  for  regression  jrve  fitting  <n  contemporary  practise  because  its  application  produces  considerable  numerical 
difficulties. 

An  alternative  approximation  of  the  physical  we^  t  -  (20)  is: 


<5  >  Ci 


(23) 


Using  an  expansion  into  a  TAYLOR  series  fcr  the  various  turns  Ui  ^i)  it  is  apparent  that  at  least  for  the  most  important  parts 
conformity  exists  between  the  approximation^.  (23))arui  the  >n  *Hif.  c  physical  relationship.  (Eq.  (20)). 


3  3  Correlation  analysis 

Supplemental  to  this  procedure  the  application  of  the  correlation  nnilysts  >s  prepared: 

This  method  has  been  used  very  seldom  in  this  form  in  the  technical  fieiu  Uv'-g  &■<!  cor  etcrion  coefficient  the  quality  of  a  linear  func¬ 
tional  relationship  between  two  variables  Y  and  X  can  be  exp.- eased  as: 


Vi 


t 

v 

/  .  A* 

/  S' 

/‘t.r 


V* 


X 


r- 


iyx  ■ 


£  (xj  ■  x)  •  (yj  - y) 
i  =  1 


r 


(24) 


£  <xj  -  x)2  •  T.  (yj  -  xp 
i 


Most  of  the  weight  design  parameter  functions  are  non  linear,  but  can  be  approximated  very  well  by  exponential  functions.  LmeariM 
non  by  taking  the  ioparithm  before  the  prediction  of  r  is  therefore  necessary. 


y  *  C0  -  x°  y  <=  !ny  =  In  C0  +  a  •  Ir  /  =  Kq  +  a  •  x  *25) 

Accordingly,  r  does  not  describe  the  kind  of  functional  relationship  between  X  and  Y,  out  rather  clarifies  whether  interdependency 
exists  at  all. 

Co'isideration  of  the  total  (2-dimenfit  r ji)  correlation  coefficient  rxy  alone  however  is  not  sufficient,  because  both  X  and  Y  are 
influenced  by  other  variables  u  according*/  the  mutual  partial  correlation  is  also  influenced.  By  predicting  the  partial  correlation  coaffe 
ciant  the  functional  relationship  between  the  objeclive  variable  (the  weight)  and  a  weight  influence  parameter  is  freed  from  the  influence 
of  the  other  design  variables.  In  *rq.  (26)  the  variables  behind  the  point  in  the  index  of  r  designate  the  eliminated  variables. 


ryx,.  *1  . .  .*(  •  1  xj+r . .  xn-i 


ryxj.xt. .  xn.2-rY*iv1  -  *1. .  -*n-2  *  rxjXn-l*1.  .  Xn-2 


H  -  r2yxn.i.  . .  *  U  -  r2xjx„.i.  .  .> 


(26) 


The  following  matrix  operation  simplifies  the  numerical  calculation: 

The  symmetrical  matrix  R  M  all  2 -dimension::  correlation  coefficients  is  created,  whereby  rjy  =■  r^j .  The  diagonal  of  this  matrix  is 
built  up  by  ones,  since  m  .--cordarre  with  the  definition  of  r,  the  correlation  of  a  variable  with  welt  is  equal  to  one. 


I  r12 

r21  *•. 


Fjl 

rni  1 


R  mu«  be  inverted  in  the  following  step,  «’or  the  numerical  computation  the  method  of  CHOLESKY  [?j  is  proposed.  If  the  matrix  R 
has  larger  dimensions. »  digital  computer  must  be  used,  but  many  software  routines  are  available  for  ibis  purpose.  Using  Eq.  (27)  the  va¬ 
rious  partial  correlation  coefficients  can  be  predicted  from  the  elements  of  th*  iisvartsd  matrix  R  ' . 


RR  =  I  R’={v] 


/xj  **!•  •  *n-t " 


-  T 

’jj  ry 


(27) 


17-1  i 

With  this  method  even  Highly  multiple  relationships  can  be  analyzed  Qualitatively.  For  the  practicj  *  .it  parameter  selectin'.  ‘he 
following  procedure  can  be  proposed: 

•  the  idealized  physical  weight  equations  are  formulated  to  obtain  a  survey  of  the  relevant  weight  coheir,  ic.is 

•  variables  with  low  variance  over  the  data  sample  are  replaced  by  typical  constants 

•  after  calculating  the  partial  correl  jtion  coefficient',  ‘or  the  individual  variables,  universal  parameter  combinations  are  created  in  such 
a  manner  that  those  variables  arc  combined  vouch. 

-  have  a  high  correlation  to  the  obisctive  variable  (weight! 

-  and  are  mutually  interdependent  to  a  high  detune 

•  Using  the  partial  correction  coefficients  ror  the  new  "ovaial!  parameters''  it  can  be  checked  whether  sufficient  independency  exists 
between  »hese  new  variables  (orthogonality  test) 

•  individual  vadables  with  o  strong  correlation  to  the  weight,  (or  which  the  chscreie  numer  cal  values  cannot  be  provided  very  easily, 
wi'!  be  replaced  by  other  parameters  winch  can  be  obtained  without  difficulty 

•  the  calculated  correlation  coefficients  have  to  be  checked  for  significance,  i.e.  ail  values  of  r,  smaller  than  a  certain  limit  which 
depends  on  tne  magnitude  of  the  sample,  must  be  >  iterpreted  as  e.  mnoom  deviation  of  r  =  0 

•  m  several  cases  if  is  not  possible  to  assess  simplified  weight  equations  Se  g.  for  power  systems,  electronic  equipment).  For  this,  the  cor¬ 
relation  analysis  offers  new  possibilities 

A  prac.icai  application  of  the  procedure  is  presented  in  f  t 

VFW~  PROJECT  WEIGHT  ANALYSIS  FOR  AIRCRAFT 
PARTIAL  CORRELATION  ANALYSIS  OF  8thDEGREE 
WING  WEIGHTS  OF  TRANSPORT  AIRCRAFT 
INFLUENCE  PARAMETERS  GB.  FTM.  OIW,  CFI50.  B.  SKLFL.  VD,  KLAM  NBR 


COMBINATION  | 

ELIMINATED  PARAMETERS 

RVALUE 

i  GFL 

GB 

-  At  L  OTH5R  VARIABLES 

o.se:« 

GPL 

.FTH 

-  ALL  OTHER  VARIABLES 

0.489z 

GFL 

OIW 

-  ALL  OTHER  VARIABLES 

-  0.3915 

GIL 

CFI50 

-  ALL  OTHER  VARIABLES 

-  0.485C 

GFL 

B 

-  ALL  OTHER  VARIABLES 

0.2950 

GFL 

SKLFL 

-  ALL  OTHER  VARIABLES 

01218 

GFL 

VO 

-  ALL  OTHER  VARIABLES 

0.5138 

GFL 

.KLAM 

-  ALL  OTHER  VARIABLES 

0.1314 

GFL 

NBR 

-  ALL  OTHER  VARIABLES 

0.1023 

FTH 

.8 

4LL  OTHER  VARIABLES 

0.4175 

B 

VD 

-  ALL  OTHER  VARIABLES 

-  0.4499 

G8 

.FTH 

-  ALL  OTHER  VARIABLES 

C.1815 

SIGNIFICANCE  LiMIT:  ,'0.3853/ 


Fig.  6  OUTPRINT  OF  A  COMPUTER  PROGRAM  FCR  CALCULATION  Of  PARTIAL  CORRELATION  COEFFICIENTS 


4  DEVELOPMENT  OF  THE  STATISTICAL  ESTIMATING  FUNCTIONS 

The  basit  *>f  the  so-called  regression  ana'v  n  the  "principle  of  least  deviation  tQuares".  The  unknown  variables  of  the  approximation 
'tv'ement  us-V  are  calculated  from  trw  c  .nd  tion  equations  for  minimizing  the  revnalion  squares  between  observed  and  estimated 
vetgnts. 

fi.s  Tbs  classical  regression  statement 

Firs;  t  .  ."'ascription  of  a  classical  regression  formulation- 


G  hi  -  Cy  -  P  (i.l  )c*  ‘ 1  •  P 


.'  P  .  ,  ?  (..r!)e(n) 


i  -  1  ...  N.  t  «  1  . . .  n 


(28) 


m: 


To  simplify  the  numerical  qalculation  tlw  basic  statement  is  linearized  by  taking  the  logarithm.  Index  i  rum  .  ig  from  1  to  N  characteriz¬ 
es  the  individual  observation  (art  existing  aircraft).  Therefore,  Eq  (29)  represents  a  system  of  N  equations 

IgG  (i)  “  IgCQ  +  c  (1)-  IgP  (i,1)  +  c  0)  *  IgP  (i,j)  +  . . .  +  c  (n)  •  Ig  P  (i,n) 

g  <■/  *  Kq  +  c  (!)•  p  ti.1l .  .  .  +  c  (n)  •  p  (i,n)  (29) 

The  next  step  is  the  elimination  of  the  constant  Kq: 

S  (i)  -Q  *  c  (1)  •  |p  (i,1)  •  p  (1 ))+...  +  c  (j)  •  jp  (i,j)  -  p  (i,i)  -  p  (j))  +  .  . .  +  c  (n)  ■  (p  (i,n)  •  p  (n)j  (30) 


for  which: 


p(j)  =  |j-5;  p(i.j)  9=  Jj  £  §!’> 


The  unknown  exponents  can  be  computed  from: 


n  2 
o  i  f!ii 


=  0  k  =  1  .  .  .  |  n 


>  (il  are  the  indivickjal  errors  of  the  osta  sample.  Ir<jex  k  runs  over  ali  unknown  v  riables. 

f  (i)  =  !g  (<)  -  g)  •  2  c  (j)  -  Ip  (•,*)  p  (j)l 
i 

The  practical  calculation  can  be  rationalized  through  introducing  the  matrix  calculus: 


Acsb 


cq  (33)  can  be  written  in  more  detail: 


A*C  -  fa«  at2-  •  a1j  - ®1n 


a21  °22 


cil)” 

cl2) 

c(j) 

dn) 


The  e  ements  of  the  system  ma’rix  are  derived  from  Eq  (311: 


Ep  (i.jr  £  r  (i,k) 

®jk  “a  (j.k)  =  ii  p  {i,;) •  p  (i,k).  J _ j _ 

i  N 

I  g  (i>  •  £  p  (i.k) 

bk  ft)  *  £  g(i)-p  (i.k) — - - ! - 

.  N 


Using  one  of  the  available  computer  rout  for  matrix  inversion,  the  solution  for  C  is: 


c=  Ab 


The  necessary  condition  for  the  existt-oce  nf  a  solution  is  the  ncn-singularity  of  A 


det  A  x  O 


The  unknown  constant  K<j  can  thee  be  predicted  from- 


„  ?K  IU> 

Ko=  g-  - 


(36) 
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Retrensformation' 

C0=  eKo 


The  experience  gained  with  this  procedure  can  be  summarized  as  follows: 


e  The  number  c*  weight  influence  parameters  should  be  limited  (max.  8)  to  avoid  ditficuities  with  the  inversion  of  A  (problem  of 
quasi  s  ngularity) 

•  The  number  of  data  points  must  be  at  least  3  times  the  number  of  weight  parameters 

•  Only  truly  independent  observations  should  be  used 

•  Due  tc  the  remaining  functional  coupling  between  the  variables,  which  cannot  be  eliminated  complete'y  by  such  simple  statistical 
moaeis.  the  developed  estimating  formulas  sometimes  show  physically  incorrect  tendencies 

4.2  Analysis  of  variances 

Applying  the  desc<iberi  combina.ion  of  physical  parameter  selection  and  correlat'on  analysis  a  certain  number  of  weight  influence 
variables  can  be  suggested.  b<  ■<  has  still  tc  be  determined  which  combination  of  these  parameters  gives  the  optima!  regression 
form  ilauon.  With  the  aid  of  e  method  for  analirmg  the  variance  about  the  regression  function,  it  can  be  shown,  that  in  many  cases  a 
.•/nailer  lumber  of  variable;  results  in  a  smaller  standard  deviation  of  the  estimating  formula  (see  Fig  11). 


The  basis  for  this  additional  selection  of  parameters  is  the  modified  correlation  matrix  K  which  is  reduced  to  the  significant  variables 

STUDENT'S  t-test  |3|  is  used  here  as  significance  test.  The  inverse  matrix  R  1  is  then  stepwise  further  reduced  by  one  variable  respec 
lively: 


r  jk  -  r  jk  -  rjq  - 

rqq 


(37) 


The  condition  for  eliminating  a  parameter  is  the  minimum  of  the  so-called  "degree  of  pa'tial  determination"  of  this  variable  with  regard 
*o  the  objective  variable 


Byq-i,?,  tq-i > t q ♦  1 1  ...n  =  Xqs  Min  {Byjj  ...n}  oai 

ns  sequence  of  reouf  tion  is  finished  a<ter  p  cycles,  if  the  variance  of  the  residuals  for  the  estimating  function  with  (n  p)  variables  is 
larger  the  first  time  thar.  in  the  previous  step: 

After  the  reduction  (step  p). 

.o2  SAQ°Rts _ 

^Res-  IN-(n-p)-!! 

The  y,  fp)  ensue  from  a  regression  process 

•*  3  Constraint  regression  analysis 

t  •  me  result  of  the  relatively  severe  simplifications,  a  residual  interdependency  between  the  venous  weight  parameters  in  the  classical 
Vve-'jht  estimating  formulation  remains.  This  causes  incorrect  tendencies,  if  these  formulas  are  used  for  partial  weight  *;er-d  mvettiga 
tions.  a  very  important  part  of  the  project  engineer's  daily  work.  To  prevent  these  fffects,  the  unknown  variables  in  the  regression 
statement  must  be  "pressed"  in  certain  numerical  ranges.  For  this  purpose  the  method  of  constraint  regression  analysis  proposed  The 
minimization  problem  described  by  Eq.  (31 ),  supplemented  by  a  set  o*  restrictions,  is  the  basis  v  this  procedure-.  The  constraints  are 


before:  (p  -  1) 

2  SAQ 

^  sf  = 


Res 


SAQr 


Res’  IKHn-p)-2l  °  Res 


1 1  <y 


(39) 


Cu  (I)  5  C  (j)  <  Co  (!)  (40) 

Practical  calculations  have  shown,  mat  these  very  severe  restrictions  result  very  often  m  -maccep  table  error  scatters.  Therefore  they  will 
be  simplified,  whereas  only  the  "correct"  sign  for  the  exponents  is  required. 


c(j)*0 


H  c(k)<0-^c{k)  =  - elk) 


i40a) 
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The  numerical  process  for  solving  thu  problem  is  rather  complex.  A  non  linear  optimization  procedure  is  proposed  as  a  suitable  method. 
The  basic  formulation  according  tc  Eq.  (29)  or  (30)  expressed  in  matrix  terms  is 

g  --  P  •  B  +  £ 

9  is  the  column  vector  oJ  I  e  observed  sample  weights,  •?  •  0)  represents  the  estimates  and  E  is  the  vector  o’  the  deviations  The  sum  to 
be  minimized  is: 


e'-e-fg-P-B)'(g-P-B) 


The  additiona1  linear  constraints  are 


P-3-g 


The  next  step  is  to  cieate  a  generalized  LAGRANGE  function  <1*  (3,  u),  which  is  the  quadratic  oojective  of  this  optimization  problem. 
U  is  the  column  vectoi  of  the  N  LAGh  ANGE  multipliers. 


<M8,u)*d'B+B'EW-(P-6~g) 


d  and  E  are  abbreviations 


These  variables  are  known. 


d'=-2g'  P  E=P*  P 


The  optimization  conditions  are  given  by  the  KUHN-TUCKER  Theorem  |4j  and  differ  considerably  from  those  of  the  imear  optimi¬ 
zation: 

b  1>  _  _  _  b  4> 

Jb‘v  ~°  R  -°^  °  Rv>° 

For  the  numerical  solution,  WOLFE's  method  |5j  is  used,  which  is  a  modification  of  the  wehknown  SIMPLEX-procedure  for  solving 
linear  optimization  problems  In  this  process  the  sum  of  'ho  components  jf  two  additionally  introduced  variables  which  transform,  the 
inequalities  into  equations,  »;e  minimized  to  0  in  two  steps.  Thereby,  the  basic  solutions  are  iteratively  improved  The  use  of  a  high 
speed  computer  is  necoss-try  tor  this.  The  method  is  applied  1 1  all  those  cases,  where  the  classical  regression  statement  fails-Sometiroes, 
the  Dnce  for  these  advantages  -  reasonable  weight  trends  •  '$  a  l.-'ger  variance  of  the  p'edicted  estimating  formula. 

4,4  Non-linear  regression 

Investigatn  7  physical  relationships  between  the  weight  and  the  other  design  parameters,  it  ,s  obvious  that  3  non  linear  regression 
statement  e  sddnive  connected  expi  "ntiat  functions  (see  Eq.  (21 )  probably  gives  the  best  results 

This  fac’  s  •  been  wellknown  for  3  lor.,  t*  -  b  -f  e  application  of  this  formulat  on  has  been  avoided,  since  a  linearization  creates 
certain  difficulties.  The  new  basic  statement  in  n-aaix  terms  is: 

g  f'P.©)‘£  ,46) 

The  vector  0  is  created  by  the  unknown  variables  Cj  and  Oj.  The  essential  condition  for  the  prediction  of  the  optima!  regressors  is  cnce 
again  the  minimization  o.'  the  sum  of  devcition  squares  (Fq  (4?,. 


The  sum  of  tn>  deviation  squares  (SAT"  in  this  partcular  case  1* 


SAQ! © )  =  2^  =  2  {g,-f(p„e>F 


■  7-!  5 


In  contrast  to  the  formulations  described  so  far,  the  following  normal  equations  for  this  problems  are  non  linear,  which  can  easily  be 
checked  through  differentation  of  Eq.  (2) )  with  regard  to  one  of  the  unknown  variables. 


|~3fiPi,6) 


|_  30, 


=  0  ln=1J2...,2n) 


For  an  iterative  solution  of  this  problem,  3  linear  zation  can  be  attained  by  applying  an  extension  into  a  TAYL03  series. 


,p„e,.„pi,e„,.S[%a],sv 

— '  LL  1  r^io 


For  this,  it  is  necessary  to  estimate  a  solution  in  advance.  In  this  particular  case  it  is  possible  to  dttermne  that  exponents  a  (j)  7  2,0  ure 
mostly  unacceptaole.  Therefore: 


©o=ja10,a20<  ano ;  c10,c2o,- cno] 


The  other  unknown  variables  (the  coefficient  C  (j)0)  result  then  from  a  linear  regression  analysis  (as  pisviously  described) 
The  linearized  system  can  again  be  expressed  in  matrix  terms. 


For  every  individual  observation: 


.0  _  o-,o 


yi=9i~V=ZPi  z.T+£, 


As  a  system  of  equations: 


Y„*Z0b/£ 


b0  is  an  estimate  of  ff0.  It  follows  from  Eq.  149): 


b^B0  =  i©-e„! 


Using  the  general  minimization  once  more: 


S '  E  =  Min 


the  followin',  ensues: 


b0.iZoZ0r-z;Y0 


The  iterative  improvement  o!  the  solution  vector  results  from: 


0f0,h  -  ©  •iZ’Z'ZV 

'-/m  Urn  -  *—m  m*rr 


The  iteration  is  completed,  if  9  no  longer  differs  from  the  former  estimate  and  the  corresponding  least  squaies  sum  has  reached  m  mini- 


i  *M6 


I  ^llm.1)  ®  6  =  !G5'Min  {^|mj 

SAQieimil^AU  (GU*  SAQ  lQm) 


1 


<55) 


As  an  alternative  to  the  proposed  linearization  procedure  a  method  developed  by  KRAWCZYK  (6)  can  be  mentioned.  This  procedure  pro¬ 
vides  a  direct  solution  for  the  ru  (-linear  system  of  the  normal  equations  (see  Eq.  (49}  by  means  of  a  quadratic  converging  iteration  pro  - 
cess.  The  method  of  steepest  descent,  often  used  for  similar  problems,  cannot  be  recommended  as  the  required  computer  time  is  too  long. 


The  experience  gained  from  the  first-ir.er  -oned  linearization  technique  can  be  summarized  as  follows: 


•  In  about  90  %  of  ail  applications  convergence  has  been  readied.  However  it  is  necessary  that  the  first  estimate  for  the  solution  does 
not  differ  too  much  from  the  final  solution. 

•  The  required  computer  time  is  larger  thrn  for  the  classical  multiplicative  regression  formulation  but  of  approximately  the  same 
magnitude  as  for  the  constraint  regression  analysis. 

•  The  predicted  estimating  functions  have  very  often  a  smalli-  error  scatter  than  the  known  weight  equations  used  at  present. 

•  Th?  magnitude  of  the  data  samples  must  be  greater  than  that  of  the  other  statistical  models. 

5.  THE  OBJECTIVE  VALUATION  OF  ALTERNATIVE  ESTIMATING  FUNCTIONS 

For  the  majority  of  the  known  weight  estimating  formulas  the  possible  error  variation  is  given,  but  often  this  scatter  is  considerably 
exceeded  in  practical  applications,  e.g.  checking  the  formulas  by  calculating  the  known  weights  of  existing  aircraft.  One  of  the  most 
important  reasons  for  this  is  that  the  prerequisites  for  the  specified  error  tolerances  are  not  mentioned  nor  are  the  theoretical 
assumptions  taken  3$  the  basis  for  the  error  distribution  investigation  fulfilled,  e.g.  a  check  should  be  made  as  to  whether  it  >  an  be 
assumed  that  the  error  of  the  discussed  weight  estimating  procedures  follows  a  normal  distribution  according  to  GAUSS.  For  the 
purpose  of  objective  c  imprisons  between  various  ->ewly  developed  formulas  and  classical  methods,  several  error  probability  investiga¬ 
tions  must  beca.r<ed  our. 

5.1  Test  on  normal  distribution 


In  this  test  the  considered  data  sample  (here:  the  totality  of  all  individual  differences  between  predicted  and  actual  weights  characteriz¬ 
ing  a  particular  estimating  procedure)  is  checked  to  see  whether  it  originates  from  a  normally  distributed  parent  population.  Oniy  if  this 
test  gives  a  positive  result,  can  the  formulas  of  the  GAUSS-distribution  be  used  to  describe  the  error  scatter  of  an  investigated  method. 
As  a  check  the  so  called  "X  2-test"  according  to  PEARSON  (7]  is  applied: 

For  this  purpose  the  error  scatter  of  the  sample  is  subdivided  into  several  intervals.  The  corresponding  probabilities  -  using  the 
hypothetical  normal  distribution  -  are  then  compared  with  the  relative  class  frequencies  of  the  observed  procedure  errors.  Only  it  the 
sum  of  the  differences  (the  X  2  value)  is  under  a  certain  limit  can  the  hypothesis  that  the  sample  originates  from  a  normally  distributed 
parent  population,  be  accepted. 

The  error  of  an  estimating  formula  for  every  in«J:-'  '_o.  observation  (an  existing  aircraft)  is: 


,  ,n ,  A'iixJiL 

g  0) 

The  error  probability  of  the  normal  distribution  according  to  GAUSS  is  giver;  by: 


(56) 


(57) 


For  the  normal  di.tributicn  the  error  mean  can  be  estimated  from: 


“-'’Ti  f  f(i» 


(58) 


The  standard  deviation,  the  error  interval  about  the  mean  including  68  {%)  of  all  individual  "events”,  follows  from  another  estroate: 


\  r?  (fi  ■ f  >2 

o  a  s  =  \  — i - 

1  N  •  p  ■  1 


(59) 
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5.2  The  probable  error  distribution 

Assuming  the  'X2-test"  has  a  positive  result,  one  should  check  ■.  *ar  tne  investigated  sample  is  representative  of  the  parent 
distribution  -  the  totality  cf  all  possible  applications  of  the  developed  formula  in  'aality  the  value  of  the  error  mean  will  be  in  an 
interval  about  the  sample  mean  -  the  so-called  confidence  interna5.  Assuming  o  high  statistical  confidence  level  ( y  -  95  %)  the 
confidence  intervals  for  error  m«dH  and  standard  dev'iiio-t  can  be  calculated  as  follows: 


mean. 

a  -xF  Z.T+  a  (60) 

a  is  predicted  applying  STUDENT'S  t-distiibution  { 7 1 : 

f  (t)  =  ^  (1  +7') 

Standard  deviation: 

ai£o2<;a2  (62) 


fir 


(61) 


a1/2  follows  from: 


*1,2  <cl,2>  = 


T(1  + 
2 


a,  2=  -ISblh-.g 
c1,2 


(63) 


in  which  f  (c)  is  the  X  ^-distribution 


The  "t-distribution"  is  shown  in  the  figure  opposite.  If  N  tends  to  tie  an  indefinite  large  number,  i.c.  a  very  expanded  sample,  then  the 
difference  between  normal  and  t-distribution  disappears. 


An  extension  from  the  ( 1  -  o)  -deviation  (68  %  of  all  observations)  to  90  %  seems  to  be  reasonable. 


In  this  case  the  con^am;  k  and  K  are  functions  of  the  confidence  level  7  and  the  measurement  of  the  probability  frequency  integration 
range  p. 


The  total  error  scatter  can  be  formulated  as: 


f  -  ~  -  K  -  s  <.  f  (0  <,  f  ♦  a  ■*  «  •  s 


(55) 


Applying  this  information,  the  following  valuation  parameter  for  objective  procedure  comparisons  is  proposed: 


R  =  ( If  1  +  a)  -  K  ■  s 


(66) 


The  dependency  between  the  error  tolerance  parameters  and  the  assumed  confidence  level  is  plotted  in  Fig.  7  and  8  for  two  different  weight 
prediction  formulas.  Fig.  7  is  valid  for  a  formula  developed  wim  one  of  the  described  methods.  Fig.  8  represents  the  accuracy  which  can  be 
expected  of  a  wefi Known  classical  formula. 


Fig.  8  VALUATION  DIAGRAM  FOR  A  CLASSICAL  ESTIMATING  FQRMU1.A 
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6.  possibilities  and  restrictions  for  applying  statistical  evaluation  methods 

Finally  the  presented  methodology  can  be  summaris'd  as  follows: 

•  The  selection  of  semi-orthogonal  weight  influence  parameters  can  be  improved  by  combinating  correlation  analysis  and  idealization 
of  the  fundamental  physical  relationships. 

•  Applying  the  multiplicative  regression  formulation  and  a  reliable  data  collection  weight  estimating  functions  of  first  level  accuracy  can 
be  developed. 

•  In  cases,  where  this  method  results  in  incorrect  weight  trend  tendencies,  the  application  of  the  co.istraint  regression  analysis  tiring  im¬ 
provements. 

•  If  larger  data  samples  ere  avaiUble,  non-linear  regression  procedures  result  in  estimating  formulas  v.-ith  smaller  error  tolerances. 

•  For  the-  valuation  of  newly  developed  formulas  the  prerequisites  of  the  error  probability  theory  must  be  taken  into  consideration. 
Normai  distribution  cannot  be  assumed  automatically. 

•  The  mam  application  of  this  methodology  is  the  project  weight  analysis  of  first  level  accuracy.  The  investigated  weight  groups  must 
represent  the  common  technological  standard. 

•  All  described  methods  can  be  applied  to  problems  in  other  fieids  too  (e.g.  evaluation  c-  aerodynamical  test  data,  empirical  load 
assumptions  etc.). 

•  For  trend  analysis  the  use  of  st  '.istically  derived  equations  should  be  limited  to  small  intervals.  Applying  these  to  optimization  proce¬ 
dures  is  very  dangerous!  The  application  of  analytical  techniques  is  preferred  here. 

•  For  numerical  calculations  an  a  computer  must  be  available. 

•  If  all  the  individual  methods  are  computerized  it  is  possible  to  develop  estimating  foi  mu  las  which  are  easy  to  handle.  Changes  to  the 
formulated  problems  can  be  taken  into  consideration  very  quickly  if  an  appropriate  data  samp'e  is  created.  In  this  way  the  aircraft 
design  process  can  be  accelerated  in  an  effective  manner. 


7.  EXAMPLES  OF  APPLICATION 

The  resuits  of  two  practical  applications  are  shown  in  Fig.  Q  aiid  1C.  These  plots  and  the  diagrams  in  Fig.  7  and  8  show  that  the  applica¬ 
tion  of  sophisticated  statistical  models  brings  improvements  but  only  to  a  certain  extent. 


Fig.  9  PRACTICAL  APPLICATION:  WING  WE*GHTS  OF  TRANSPORT  AIRCRAFT 
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Fig.  10  PRACTICAL  APPLICATION:  FUSELAGE  WEIGHTS  OF  FIGHTER  AIRCRAFT 
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SUMMARY 

The  development  of  a  new  aircraft  requires  an  extensive  series  of  trade  studies  and  design  compromises 
to  optimize  the  system  in  order  to  achieve  a  well  integrated  configuration.  The  seiected  arrangement  of 
wing,  fuselage,  tail  surfaces  and  propulsion  system  may  introduce  subtle  aerodynamic  flow  interactions 
which  are  not  well  understood  or  not  recognized  early  in  the  design  phase.  The  paper  reviews  several 
examples  involving  major  aircraft  programs  where  this  has  happened. 

.vew  aerodynamic  analysis  techniques  now  in  development  may  hold  t..e  key  to  the  development  of  better, 
more  efficient  aircraft  it  they  are  used  throughout  the  development  to  guide  the  evolving  design.  The 
development  of  new  design  methods  for  analyzing  the  spin  susceptibility  and  flight  characteristics  near  the 
stall  departure  boundaries  is  also  reviewed  in  the  paper.  Results  of  studies  conducted  to  determine 
criteria  for  predicting  depar'.ure  from  controlled  flight  at  near-stall  angles  of  attack,  based  on  lateral- 

directionai  static  stability  are  summarized.  The  use  of  the  directional  divergence,  C„  .  ,  and  a 

n2. dynamic 

iaters;  control  divergence  parameter,  LCDP,  criteria  to  design  new  high  performance  aircraft  with  inherent 
spin  resistant  qualities  shovs  promise  for  avoiding  the  serious  loss  of  control  problem  which  has  caused 
high  losses  on  some  of  our  older  fighter  aircraft. 

SYMBOLS 

T  *  Vortex  Streng-S 
a  »  Distance  Between  Vortex  Centers 
C;,  «  Yawing  Moment  Coefficient 
C|  «  Rolling  Moment  Coefficient 
£  -  Angle  of  Sideslip  (Degrees) 
a  ■  Angle  o'  Attack  (Degrees) 

=  Aileron  Deflect i jn  (Degrees) 

i.CDP  *  Lateral  Control  Divergence  Parameter,  Cn  -  Ci .  (Cn.  /C- ,  ) 

3  -a  *«a 

C„a  dynanljc  *  Directional  Diva  gence  Parameter,  C0iJcosa  -  02/lx)C| _s ina 
INTRODUCTION 

The  development  of  a  new  aircraft  or  missile  is  usually  preceded  by  an  extensive  series  of  trade-off 
studies  where  many  configuration  parameters  arc  varied  over  a  broad  range  of  numerical  values.  At  this  stage, 
aerodynamic  prediction  methods  must  consider  the  total  configuration  and  many  details  such  as  flow  patterns 
ar.d  local  interference  effe-'ts  are  not  evaluated.  The  cost  in  manpower  and  computation  time  to  study  these 
effects  at  this  phase  of  the  program  would  be  prohibitive  and  wasteful  since  only  a  few  of  the  large  family 
of  configurations  will  be  given  serious  consideration.  When  the  candidates  are  narrowed  to  two  or  three  con¬ 
figurations,  it  becoaes  important  to  evaluate  potential  problem  areas  and  to  investigate  specific  flow  inter¬ 
ference  effects  due  to  the  arrangement  of  the  wing,  fuselage,  tail  surfaces  and  propulsion  system.  Unfortu¬ 
nately,  there  is  a  strong  tendency  to  o-.srlook  potential  problem  areas  at  this  stage  for  a  number  of  reasons. 

1.  Time  is  not  available  to  make  an  in-depth  study. 

2.  Insufficient  manpower  on  tie  program. 

3.  Wind  tunnel  data  is  lacking. 

k.  Aerodynamic  analysis  methods  are  not  accurate  enougn. 

5.  Inexperienced  staff. 

6.  Strong  competition  for  the  program. 

There  are  undoubtedly  many  other  reasons.  One  fact  remains,  the  seiected  configuration  may,  and  often 
does,  have  serious  aerodynamic  problems  which  will  have  to  be  solved  befora  the  development  is  completed. 

Althcugh  the  design  will  not  be  frozen  for  52  to  18  months  after  the  development  has  been  started,  the 
general  arrangement  of  the  major  components  is  usually  firmed  up  quite  early.  The  aerodynamic  interactions 
between  the  wing,  fuselage,  tail  surfaces  and  propulsion  unit  are  not  well  known  at  this  tine;  however,  it 
is  assumed  that  these  details  will  be  worked  out  during  the  wind  tunnel  program. 

There  is  really  nothing  -»rong  with  this  process  if  the  different  design  groups  are  well  integrated 
and  controlled.  The  problems  usually  show  up  when  the  idealized  configuration  is  closely  examined  and 
certain  deficiencies  show  up.  These  may  be  caused  by  one  or  several  restraints  such  as  weight,  structural 
design,  internal  component  layout,  balance,  avionics  requirements,  crew  station  design  and  many  others. 

The  aerodynamics  design  group  nay  be  placed  under  considerable  pressure  to  relax  their  requirements  ro 
help  solve  the  deficiency.  Th»re  is  inexorable  pressure  to  move  ahead  and  not  delay  the  program  for 
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further  study.  The  aerodynamic  prediction  methods  may  not  be  adequate  to  completely  analyze  the  problem 
ano  wind  tunnel  data  to  back  up  the  prediction  may  not  be  obtainable  in  a  short  period  of  time.  The  deci¬ 
sion  must  be  based  on  the  best  available  information  and  the  design  groups  must  move  ahead  or  the  schedule 
will  slip.  If  the  right  decision  can  be  made,  the  payoff  can  be  very  large  over  the  lifetime  of  the  system 
in  terms  of  future  operating  costs,  performance  and  mission  effectiveness. 

Hilitary  systems  have  become  so  complex  and  expensive  to  build  and  operate  that  life  cycle  costs  may 
soon  become  the  most  important  parameter  to  be  considered  before  a  final  configuration  is  selected  for 
development  and  even  throughout  its  development.  Performance  may  have  been  the  most  important  factor  in 
past  developments,  but,  it  is  not  necessarily  so  any  longer. 


There  is  a  very  significant  payoff  for  good  integration  of  the  complete  configuration  at  an  early  stage 
in  the  development.  Refined  aerodynamic  prediction  methods,  backed  up  by  high  quality  wind  tunnel  data  are 
needed  in  order  to  make  the  best  design  decisions.  These  can  have  a  far  reaching  effect  on  life  cycle  costs 
as  well  as  performance. 

THE  DESIGH  ' ACCESS 

Altho’jh  most  aerodynamic  design  problems  are  discovered  and  corrected  early  in  the  development  phase, 
it  is  ci.-ariy  evident  that  many  cf  our  major  aircraft  programs  have  experienced  airframe  and  propulsion 
problems  early  in  the  flight  test  program.  The  result  has  often  been  a  costly  redesign  or  delay  in  the 
production  which  can  have  a  most  serious  impact  on  the  program.  Table  1  shows  only  a  partial  list  of  the 
problems  that  were  found  after  flight  testing  began  on  a  number  of  USAF  aircraft.  In  some  cases,  such  as 
the  B-k7  aileron  reversal,  structural  flexibility  was  the  primary  reason.  However,  in  many  of  these  cases, 
the  problem  did  show  up  in  the  wind  tunnel  tests,  but,  was  not  recognized  as  a  serious  problem  or  was  blamed 
on  the  low  Reynolds  Number  of  the  test.  Of  course,  stall  and  spin  investigations  require  special  tests  such 
as  free  flight  or  spin  mode!  tests  and  this  was  not  always  accomplished  in  our  older  programs.  Host  of  our 
current  aircraft  programs,  even  large  aircraft  such  as  the  B-l,  now  include  tests  a:  high  angle  of  attack 
well  beyond  the  stall.  Spin  mode!  tests  in  the  wind  tunnel  and  radio  controlled  free  flight  models  are  used 
in  these  investigations.  The  three  items  marked  with  a  star  on  this  Table  are  typical  problems  which  often 
do  not  receive  sufficient  attention  before  flight  tests  are  started.  They  will  be  reviewed  in  further  detail 
in  this  paoer. 


B-47  Aileron  Reversal  £  Pitch-up 
B-5S  Engine  Out  Control 
B-56  Tip  Tank  Buffet 
C- 123  Rudder  Lock 
C-130  Low  Long.  Stabi i i ty-Landing 
C— 1 33  Poor  Stall  Characteristics 
*C-1bl  Fuselage  Drag  £  "Shibble  ‘ 


TF-102  Canopy  Separation 
F-4  Loss  of  Control  at  Stall/Spin 
*AF-!(C  Nose  Separation 
T- i 1 i  Secondary  Air  System/lnlut 
AGH-69  Yaw-Soli  Coupling 
*  AWAC S  Radome  Pitching  Moment 
C-lbl  Wing  Shock  Location 


mil  I  -  PROBLEMS  FOUND  DURING  FLIGHT  TEST 

Studies  have  indicated  that  while  the  lessons  iear'ed  in  solving  the  many  problems  encountered  can  and 
should  be  passed  along  to  benefit  the  next  generation  of  aircraft,  each  new  aircraft  invariably  brings  with 
it  a  set  of  problems  (1).  They  may  be  similar  to  old  problems,  but,  new  and  unique  solutions  may  be  required 
because  the  new  aircraft  may  have  to  fly  over  a  much  larger  envelope  of  altitudes  and  airspeeds. 

The  process  normally  pursued  in  the  development  of  aircraft  systems  is  by  nature  an  empirical,  iterative 
process.  Development  and  operational  test  data  are  recycled  back  into  the  design  to  complete  the  design 
and  development  of  the  system.  If  this  can  be  accomplished  rapidly  without  major  design  changes,  the  program 
progresses  smoothly,  schedules  are  met  and  production  is  uninterrupted.  This  ideal  cannot  be  attained  unless 
particular  attention  is  qiven  to  the  many  interface  areas  in  a  complex  system  and  the  design  is  very  care¬ 
fully  integrated  between  the  airframe  and  propulsion  systems.  There  is  no  doubt  that  many  aerodynamic 
design  problems  can  be  traced  to  subtle  flow  interactions  which  may  not  be  apparent  in  the  many  series  of 
wind  tunnel  tests  performed  on  a  wide  variety  of  model  configurations  which  are  used  to  develop  some  part 
of  the  total  configuration.  Some  models  represent  only  a  small  portion  of  the  total  configuration  and 
important  flow  'nteractions  may  not  be  present  cn  these  models,  particularly  at  transonic  speeds. 


Wind  tunnel  test  techniques  have  not  bef  standardized  among  different  facilities  and  possibly  they 
should  not  be.  However,  if  the  results  f-om  several  facilities  are  inconsistent  or  show  differences  which 
are  larger  than  the  expected  data  accuracy,  serious  aerodynamic  problems  may  be  covered  up  or  at  least  not 
thoroughly  investigated.  In  the  last  5  years  there  has  been  considerable  improvement  in  wind  tunnel  test 
procedures  as  a  result  of  special  correlation  tests  conducted  on  a  model  of  the  C-5A  in  three  major  tran¬ 
sonic  wind  tunnels  in  the  United  States  \2)  Hopefully  this  progre*s  will  continue  and  the  uncertain! ty  of 
test  data  accuracy  will  not  be  a  problem  to  the  aerodynamic ist  in  the  future. 

There  is  still  the  problem  of  extrapolating  model  scale  results  to  the  full  scale  aircraft.  This  has 
worried  wind  tunnel  and  aerodynamics  engineers  for  years.  A  large  number  of  theoretical  and  experimental 
research  investigations  have  been  accomplished  to  determine  the  effects  of  Reynolds  Number  on  small  scale 
model  data.  In  fact,  there  is  considetable  controversy  now  going  on  whether  or  not  Reynolds  Number  effects 
persist  up  to  values  of  30  to  50  million  or  more.  Apparently  enough  test  data  has  been  found  that  supports 
beth  conclusions  to  keep  this  argument  going  for  some  time.  There  is  no  doubt  that  flow  separation  regions, 
shock  wave-boundary  layer  interactions  and  wing  shock  wave  locations  nay  be  strongly  affected  by  Reynolds 
Nusfcer  within  the  norma!  test  range  of  transonic  wind  tunnel  facilities. 

Recent  studies  of  drag  prediction  techniques  for  subsonic  and  transonic  aircraft  have  shown  that  good 
correlation  between  low  scale  tunnel  results  and  full  scale  flight  data  can  be  obtained  If  very  careful 
test  procedures  are  followed  as  outlined  by  Paterson,  MacWilkinsor  and  Blackerby  (3).  The  use  of  standard 
scaling  methods  is  adequate  in  most  cases.  The  C-$A  cruise  drag  at  a  Reynolds  Number  of  55  million  (MAC) 
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was  predicted  to  within  1  to  3  percent  jsirig  wind  tunnel  data  at  approximately  k  million  Reynolds  Number. 
This  favorable  correlation  was  obtained  only  by  a  very  extensive  study  of  factors  such  as  flexibility 
effects,  roughness  drag  and  in-fl:ght  thrust  measurements  which  must  be  accurately  known.  The  use  of 
potential  flow  methods  and  boundary  layer  theories  also  proved  to  be  a  valuable  tool  in  predicting  air¬ 
foil  prefile  drag  and  interpreting  low  Reynolds  Humber  test  data. 

If  the  tunnel  results  are  not  carefully  evaluated,  problem  areas  may  be  hideen  or  dismissed  as  not 
too  important.  There  have  been  numerous  cases  where  a  stability  or  drag  prooler.  discovered  in  the  wind 
tunnei  program  was  not  corrected  because  it  was  judged  to  ae  an  anomaly  due  to  the  low  Reynolds  Number  of 
the  test.  Unfortunately,  in  many  cases  the  problem  was  still  present  when  the  flight  tests  started.  By 
that  time  it  is  difficult  to  justify  a  major  design  change,  because  of  the  serious  impact  on  production 
schedi  les  and  cost.  In  recent  years,  new  procuremen'  concepts  such  as  "fly-before-buy",  'milestone 
reporting"  and  "prototype  programs  have  been  initiated  to  avoid  the  cost  of  re-design  during  the 
production  phase.  It  is  quite  evident  that  improved  analytical  prediction  techniques  to  supplement  standard 
tools  such  as  the  wind  tunnel  and  comouter  flight  simulation  should  provide  a  large  payoff  through  better 
aerodynamic  design  early  in  the  development. 

WING-FUSELAGE  DRAG 

Large  cargo  aircraft  are  usually  designed  for  maximum  utility  of  the  cargo  compartment  and  ease  of 
loadinc  and  unloading.  To  obtain  .in  uninterrupted  floor  area,  a  high  wing  location  is  often  used  with  an 
upswept  fuselage  shape  to  accommodate  the  large  cargo  door  and  rear  ioading  provisions.  The  C-130.  C-lkl 
and  C*5  aircraft  are  typical  of  this  design  trend.  The  aerodynamic  design  and  integration  of  the  wirq, 
fuselage  and  landing  gear  pods  to  achieve  low  cruise  drag  and  good  handling  characteristics  is  a  large 
challenge  to  the  designer  because  of  the  complex  flow  patterns  on  these  configurations.  Figure  1  shows 
the  type  of  flow  pattern  present  on  the  C-lkl  fuselage.  Strong  vortices  are  present  adjacent  to  the 
fuselage  afterbody  which  start  in  the  wing-fuselage  Juncture  and  around  the  landing  gear  pod.  During  early 
flight  testing  of  the  C-lkl,  Lockheed  flight  crews  became  avare  of  an  oscillatory  motion  which  was  named 
''shibble",  a  combination  of  the  two  words,  shake1  and  "nibble1  .  It  was  characterized  by  random  directional 
oscillations  cf  the  aircraft  in  the  frequency  range  of  four  to  seven  cycles  per  second.  The  amplitude  of 
this  oscillation  at  the  cockpit  varied  from  negligible  to  as  much  as  0.07  of  an  inch  at  the  highest  air¬ 
speeds.  It  was  not  always  apparent  to  the  pilot,  but  it  did  create  considerable  interest  and  concern. 


FIGURE  1  -  C-lbl  VORTEX  FLOW  PATTERN 

Lockheed  initiated  a  series  of  oil  flow  visualization  tests  in  the  Georgia  Institute  o,'  Technology 
Wind  Tunnel  to  study  the  flow  patterns  around  the  C-lkl  to  identify  the  cause  of  the  problem  and  find  a 
solution.  It  was  thought  that  intermittent  shifting  of  tne  vortices  could  be  creating  the  aerooynamte 
driving  force  for  the  shibble  oscillations.  It  was  found  that  the  strongest  vortex  emanates  from  the  region 
of  the  wing  fuselage  juncture.  The  two  vortices  on  each  side  of  the  fuselage  at  the  wing  root  form  a 
vortex  pair  of  equal  strength,  but  opposite  relation.  The  mutual  interference  between  these  two  vortices 
induces  a  downward  velocity  behind  the  wing  root  and  down  over  the  fuselage.  The  downward  velocity  at  the 
mid-point  between  the  two  centers  is 

W  «  2-C 
r  a 

T  =  the  vortex  strength 
a  *  distance  between  centers. 
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VORTEX  PAIR 


WING  S PANWISE  LOAD 


INDUCED  VELOCITY 


FIGURE  2  -  EFFECT  OF  WING-FUSElAGE  VORTEX 

Figure  2  shows  the  velocity  induced  by  the  vo-tices  and  the  effect  on  the  wing  1 i f h  distribution.  The 
hole  in  the  distribution  causes  a  significant  increase  in  the  wine  induced  drag  in  the  crui'e  region.  The 
flow  studies  indicated  that  the  vortices  impinged  on  the  rear  fuselage  which  was  the  most  likely  cause  of 
shibble.  The  C- 1 4 1  flight  crews  also  reported  that  the  noise  level  appeared  higher  just  aft  of  the  win;, 
trailino  edue.  A  larger  wing  fillet  was  developed  in  the  Georgia  Tech,  tunnel  whicn  substantially  improved 
the  flow  around  the  wing-fuselage  juncture  and  reduced  the  flow  angularity  and  the  stranoth  of  the  vortex 
pair. 


Standard  Wing  Fillet  Improved  Wing  Fillet 

FIGURE  3  *  f-141  OIL  FLOW  PATTERNS 

The  oil  flew  photographs  on  Figure  3  show  the  improved  flow  patterns  and  the  significant  change  in  the 
flow  angularity  behind  the  wing.  Wind  tunnel  force  tests  indicated  a  drag  reduction  of  5  percent  in  the 
cruise  region  was  obtained  with  the  improved  fillet.  There  was  also  an  improvement  in  fuselage  lift 
carry  over  which  moved  the  wing  center  of  pressure  inboard.  It  was  found  that  a  six-foot  wing  tip  exten¬ 
sion  could  be  added  by  taking  advantage  of  the  reduction  in  wing  bending  moments  obtained  with  the  improved 
fillet.  This  produced  an  additional  reduction  in  cruise  drag  of  3  percent 

It  was  unfortunate  that  this  improved  wing  fillet  was  not  developed  earlier  in  the  C-I41  program,  it 
was  decided  not.  tc  incorporate  this  modification  since  production  was  well  along  and  the  range  performance 
was  adequate  to  accomplish  the  airlift  missions. 


Figure  A  .hows  l>'M  the  8 
pi  "cent  crus  sc  d-o,  n  due- 
tion  can  be  translated 
into  an  8  percent  reduc¬ 
tion  in  cruise  'iic!  for 
each  ai-c'aft  r.  tns-  C  -  I  -  ? 
fleet.  bt«rd  or>  current 
and  p-'ojeete-J  future  op¬ 
eration,  a  'ota I  saving 
of  82  ni!l!-:n  gallons  ,-er 
year  appears  possible. 

The  modification  cost  for 
777  airr-aft  has  been 
estimated  to  cost  approxi¬ 
mately  I!  million  dollars, 
roughly  equal  to  the  cost 
of  one  year's  fuel  saving. 
This  is  a  significant 
potential  saving  since 
the  C-1AI  fleet  will  be 
flying  for  many  years. 

It  should  be  noted  that 
the  fillet  and  wing  tip 
modification  woulr  nr.’ 
have  increased  th*  ■.  1  .u, 
stress  levels  !>«■..,  use  of 
the  favorable  effect  of 
the  fil’et  ji.  s,>an  load 
distrip 


FOti  SAVING  FOR  C-I41  FLEET  - 

82. 000, 000  GALLONS  PER  YEAR 


ESTIMATED  COST  OF  MODIFICATION  - 

277  A?C  $11,000,000 


FiG'JRl.  A  -  C-1AI  DRAG  REBl'CT  !0*i 

Carlv  winu  tunnel  tests  of  the  C-JA  s  >Oweu  a  drag  Increase  of  33  drag  counts  ewer  the  predicted 
c-u'Se  drag  value  of  250  counts.  Again  tot  foblem  vas  found  to  be  associated  with  the  wing-fuselage 
fii:fct.  .'■•5  fuselapc  crag  -as  also  found  to  be  adversely  affected  by  the  fairings  around  the  nose  gear  anc 
main  gear  pods,  ‘.cc'-.heed  engineers  lou'  aav;».  t.ae  of  the  knowledge  gained  on  the  C-1A!  to  redesign  the 
critical  aree.5  on  the  C-5A  and  ;sr»  able  tc  comc-f-tely  eliminate  the  large  drag  increment.  This  happened 
early  enoug  .  in  the  C-5  A  development  to  races  ■  nr,  t-i*  configuration  before  the  schedule  was  impacted.  The 
lessons  learned  on  the  C-lAl  were  verv  ef  lect . vol .  applied  in  the  design  of  the  C-5A.  The  result  is  an 
aircraft  with  a  high  degree  of  aerodynamic  cle,*n!>»ss  which  retains  the  advantaoes  of  the  upswept 
fuselage  desij  'or  cargo  handling.  This  is  a  truly  remarkable  achievement. 

RF -AC  RECONNAISSANCE  AIRCRAFT 

The  Rr-!(C  is  an  F-AC  aircraft  modified  to  carry  k  ari~;y  of  cameras  and  other  raconnaissance  equip¬ 
ment  in  the  fuselage.  A  camera  bay  housinq  was  added  l  ;ne  lower  surface  which  has  an  abrupt  ramp  with 
a  33"degree  nose  angle.  After  the  aircraft  was  ular.ee  ir>  vice  it  oecame  evident  (hat  something  was 

happening  to  the  photographic  resolution  at  high  subson1'  Ma.h  numbers.  A  short  series  of  flight  tests 
by  McDonald  Douglat  of  a  23-degree  1  amp  indicated  that  ti.s  p-'-rary  cause  of  image  degradation  was 
probably  due  to  either  an  aerodynamic  disturbance  or  flow  f ,*  ■  phenomena  outside  of  the  camera  window,  but, 
it  was  also  noted  that  an  additional  loss  in  resolution  was  te>ig  produced  by  some  unknown  mechanical 
vibration  within  the  camera.  There  was  ccnsiderahie  variation  r  resolution  between  photographs  which 
added  to  the  mystery.. 

In  1569.  the  Aeronautical  Systems  Division  started  r  ic»  of  photographic  resolution  tests  in  two 
transonic  wind  tunnels  and  laboratory  vibration  and  acous1  >  -  ‘ids  to  fmd  the  cause  of  the  problem  and 
hopefully  a  practical  solution  which  could  be  applied  to  the  RF  -At  fleet.  Full  scale  three  dimensional 
models  of  the  lower  forward  section  of  the  RF-I)C  aircraft  extending  from  the  forward  end  of  the  radome  to 
just  aft  of  the  second  camera  station  were  fabricated  for  use  in  the  wind  tunnel.  Fabrication  *a$  simplified 
by  utilizing  a  fiberglass  mold  from  an  actual  RF-AC  aircraft  Other  model  sections  were  constructed  to 
provide  a  configuration  in  which  the  camera  bay  ramp  was  fully  faired  into  the  radoi.e  and  also  a  configu¬ 
ration  incorporating  a  camera  pay  ramp  of  23  degrees  which  was  similar  to  one  flight  tested  by  McDonnell. 

An  18-dec'ee  ramp  was  also  tested  at  AEDC.  The  first  series  of  tests  were  performed  at  the  Cornell 
Aeronautical  laboratory  8-foot  Transonic  Wind  Tunnel  by  mounting  the  large  model  on  the  floor  of  the 
tunnel.  A  collimator  containing  c  light  source  and  a  tri-bar  resolution  target  was  mounted  through  the 
ceiling  of  the  wind  tunnel  and  aligned  with  a  camera  in  the  model.  Both  the  camera  and  collimator  were 
rigidly  mounted  to  minimize  relative  motion  due  to  tunnel  vibration,  in  addit.on  to  the  optical  data, 

23  static  pressure  measurements  were  made  along  the  centerline  of  the  model.  Tunnel  blockage  proved  to  be 
a  severe  obstacle  at  Mach  numbers  above  0.80  in  the  Cornell  Tunnel  and  it  *  s  decided  to  conduct  additional 
tests  on  the  sane  model  at  the  Arnold  Engineering  Development  Center  (AECC)  l6-*oot  Transonic  Wind  Tunnel 
Since  the  two  series  of  tests  were  in  good  agreement  only  the  AEDC  re-s-.l;$  are  presented.  Figure  5  shows 
the  results  of  the  photographic  resolution  tests  on  the  original  33-‘fcg'c<-  bay  ramp  and  the  modified  23* 
degree  bay  ramp.  These  results  confirmed  the  large  degradation  in  resolution  ibovo  a  Mach  number  of  0.70 
with  the  33*degree  ramp  configuration  and  show  the  large  improvement  obfft:ned  with  the  23-degree  ramp. 

Also  shown  for  cowipa  r  i  son  are  the  results  of  flight  tests  which  were  fliwo  sKairly  after  these  wind 
tunnel  tests  were  completed.  Even  though  the  wind  tunnel  tests  were  perfV.med  a»;£h  a  smaller  camera  the 
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agreement  was  good,  indicating  that  valid  simulation  of  flight  conditions  was  achieved  in  the  optica! 
wind  tunnel  tests  conducted  at  Cornell  and  AEDC.  This  type  of  testing  should  be  seriously  considered  in 
the  development  of  future  reconnaissance  aircraft. 

A  •  AEDC  16  FT.  WT. 


MACH  NUMBER 


FIGURE  5  *  RF-4C  CAMFRA  RESOLUTION 

The  cause  of  the  severe  loss  in  resolution  is  shown  in  Figure  6.  A  strong  normal  shock  is  positioned 
directly  over  the  center  of  the  camera  window  at  high  speeds.  At  a  Mach  number  of  0.87  the  shock  is 
positioned  along  the  optic  axis  of  the  camera.  The  normal  shock  resulting  from  the  large  increase  in  local 
velocities  over  the  33'degree  ramp  is  so  strong  that  the  flow  is  completely  separated  over  the  camera  window. 
The  small  sketch  on  this  figure  was  produced  from  the  Schlioren  Dhotooraphs  taken  in  the  AEDC  wind  tunnel  (A). 
The  local  oressure  distribution  confirms  the  extensive  local  flow  acceleration,  shock  location  and  flow 
'•eparation.  Dynamic  pressure  sensors  were  also  installed  at  eight  locations.  The  upper  part  o?  the  figjre 
stows  the  root-mean-square  values  of  the  flu. mating  pressures  divided  by  the  free  stream  dynamic 
f>t  jsure  (C  ).  Maximum  values  of  the  fluctuating  pressuies  were  of  the  order  of  12  percent  of  free 
str.iam  dynamic  pressure.  Figure  7  indicates  that  th*  normal  shock  is  still  present  over  the  23-degree 
ramp,  but,  flow  separation  is  no  longer  evident  in  the  Schlieren  photographs.  The  pressure  distribution 
also  shows  the  improved  pressure  recovery  over  the  cameis  window.  Also,  the  peak  fluctuating  pressures 
were  reduced  to  about  four  percent  of  the  free  stream  pressure.  At  a  Hath  number  of  0.87,  the  normal  shock 
is  still  positioned  along  the  optic  axis  of  the  camera  as  in  the  case  of  the  33'degree  ramp.  This  shock 
causes  a  distortion  of  the  optic  wavefront  entering  the  camera  aperture  due  to  the  large  difference  in 
refractive  ind*x  which  exists  on  either  side  of  the  shock  wave.  This  explains  the  large  loss  in  resolution 
at  M  •  0.87  with  the  23'dearee  ramp  shown  on  Figure  5-  This  was  evident  in  flight  tests  as  a  narrow 
blurred  band  running  across  the  photograph,  but,  was  not  objectionable  since  only  a  small  area  of  the 
photograph  was  affected.  Since  no  vibration  of  the  optic  system  occu: red  during  the  wind  tunnel  tests, 
the  source  of  the  degradation  could  be  established  as  the  index  of  refraction  variations  in  the  separated 
air  flow.  This  was  confirmed  by  a  detailed  edge  gradient  analysis  of  the  flight  test  and  wind  tunnel 
photographs  by  Hazurowski  (5). 

As  a  result  of  these  investigations,  a  study  was  conducted  to  determine  the  costs  of  modifying  the 
RF-f*C  fleet  with  a  23-degree  ramp  camera  bay.  Nine  new  aircraft  were  purchased  in  fiscal  year  1970  with 
the  modified  camera  bay  for  3n  additional  cos:  of  $5^*0,000.  It  was  estimated  that  modification  kits  for 
386  aircraft  would  cost  29,000  dollars  each  for  a  total  of  II, 19^,000  dollars.  The  decision  was  maoe  not 
to  retrofit  the  fleet  because  of  the  cost.  This  is  another  case  where  improved  aerodynamic  analysis 
techniques  combined  with  a  rather  low  cost  wind  tunnel  program  could  nave  resulted  i  much  bettei 
mission  performance,  if  the  results  had  been  available  at  an  early  stage  before  production  was  started. 
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AVACS  RADOME  PITCHING  MOMENTS 

Plight  tests  on  the  prototype  aircraft  for  the  Airborne  Warning  and  Control  System  (AWA.CS)  discloseo 
that  air  load  distribution  on  the  large  30-foot  diameter  radome  was  considerably  different  from  that 
measured  In  the  8oelng  High-speed  Wind  Tunnel. 


M  •  0.60 


FIGURE  8  -  RADOHE  PITCHING  MOMENT 


Figure  8  shows  that  the  slope  of  the  radome  pitching  moment  curve  versus  aircraft  ioad  factor  was  consid¬ 
erably  greater  in  flight  than  had  been  measu'-ed  in  the  wind  tunne' .  This  difference  persisted  at  all  Mach 
numbers  and  would  have  presented  a  serious  sir.clurat  load  problem  at  the  highest  airspeed  conditions  for 
the  AWACS  airplane.  The  radome  was  instrumented  with  a  single  pressure  belt  along  the  center  line  and  a 
complete  survey  of  the  pressure  field  was  made  by  rotating  the  radome  through  a  complete  revolution  for 
each  flight  condition. 


PRESSURE 

COEFF. 


FIGURE  9  -  RADOME  PRESSURE  DISTRIBUTION 
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Figure  3  shows  the  esults  of  the  flight  tests  compared  to  the  wind  tunnel  results  for  both  the  upper  and 
lower  surface.  Reynolds  Number  btsed  on  radome  diameter  wcs  apprcximstely  60  million  in  the  flight  test 
and  3-5  ml  1  lion  In  the  Boeing  wind  tunnel  test.  The  result;  Indicated  that  the  pressures  are  more  negative 
or.  the  lower  surface  near  the  leading  edge  in  flight  than  measured  in  the  wind  tufin_t.  Additional  wind 
tunnel  tests  were  made  with  and  without  boundary  layer  transition  strips,  but,  these  were  unsuccessful  in 
duplicating  the  full  scale  radoeii  loads.  Pressures  measured  in  flight  over  thu  uppet  and  lower  surface 
behind  the  leading  edge  region  were  in  good  agreement  with  the  wind  tunne'  data. 

Fortunately,  the  problem  was  easily  solved  bf  changing  in*  radome  incidence  !.5  degrees  in  a  nose-up 
direction  when  it  was  found  that  the  antenna  performance  was  not  seriously  degraded  in  the  new  position. 

It  doss  indicate  that  either  wind  tunnel  test  techniques  or  model  sca’e  effects  should  be  studied  ir* 
greeter  depth  to  improve  the  wind  tunnel  simulation  on  certain  types  of  configurations.  U  also  indicates 
that  aerodynamic  analysis  techniques  which  can  accurately  predict  the  local  pressure  distribution  over 
complex  configurations  should  be  deveiored  to  suppt  *ment  tne  wind  tunnel.  We  cannot  alwav..  count  cn 
solving  air  load  problems  by  simple  •  fi cat  ions  as  in  the  case  of  the  AWACS  aircraft. 

PROMISE  OF  NEW  PRCDICTON  TECHNIQUES 

Many  design  problems  are  not  discovered  ea-ly  ir,  the  development  because  the  wind  tunnel  models  may 
not  closely  simulate  the  final  configuration  in  all  respects.  It  is  often  assui.od  that  corrections  can  be 
made  to  account  for  Iocs!  changes  in  fuselage  shape,  tail  surface  intersections  and  fil’etinn  around  the 
wing  and  tail  surfaces.  Also,  details  of  the  propulsion  system  such  as  secondary  air  flow  passages  and 
bleed  outlet  may  not  be  simulated  because  of  the  scale  problem.  These  areas  are  examined  and  analytical 
corrections  applied  to  account  for  drag  and  stability  increments.  If  a  sfrious  aerodynamic  problem  is 
suspected,  additional  models  may  be  constructed  to  research  the  problem,  bu.,  the  pressures  of  program 
schedules  and  budget  limitations  restrict  this  type  of  research  to  a  bare  mirii»<o«i.  The  analysis  methods 
used  are  large!-.  empirical  <»".d  are  usually  based  on  experimental  data  from  other  p-ograms.  If  the  configu¬ 
ration;  are  quite  similar,  as  was  tiie  case  for  the  C-5A  ar.d  C-lbl ,  very  good  results  .may  bn  obtained. 

Problem  areas  will  be  apparent  and  solutions  can  be  rapidly  investigated  in  the  next  series  of  tunnel  tests. 
Unfortunately  the  trend  toward  fewer  new  systems  is  working  against  the  designer.  His  ‘■ackground  d3ta  or. 
si  mil  at  configurations  will  be  less  as  time  goes  on  since  fewer  new  aircraft  are  being  developed. 

The  development  of  improved  aerodynamic  analysis  techniques  which  could  be  used  for  the  dels' led 
design  of  new  configurations  is  needed  to  supplement  wind  tunnel  testing.  Many  of  the  current  uonputerized 
analysis  techniques  were  developed  to  rapidly  examine  a  variety  of  aerodynamic  configurations  to  determine 
the  optimum  arrangement  of  the  wing/fuselage  and  control  surfaces.  Most  of  these  methods  are  satisfactory 
for  preliminary  dti:gn  purposes  and  arc  quite  useful  in  optimizing  a  new  concept  before  detailed  design  is 
initiated.  A;  this  stage,  various  trade-offs  are  being  studied  and  these  methods  provide  a  rapid  means  of 
studying  the  effect  of  many  configuration  variables  on  the  mission  performance,  gross  weight,  cost  ana 
many  other  parameters.  Usually  viscous  and  non-stead-  effects  are  neglected.  These  techniques  use 
linearized  potential  flow  computational  routines  and  usually  contain  some  approximation  for  comp-ess ifci I i ty 
effects.  The  latest  programs  can  treat  arbitrary  configurations  with  lift.  These  recent  developments  *->cr» 
preceded  by  less  general  methods  based  on  constant-strength  source  panel  building  blocks  which  could  com¬ 
pute  three  dimensional  flows  over  complex  coof igu-ations ,  but,  lacked  the  ability  to  handle  problems 
involving  circulation  and  lift  (6).  The  first  general  routine  for  analyzing  the  flow  about  arbitrary 
configurations  including  both  lift  and  thickness  was  assembled  by  combining  the  source  pane*  and  vertex 
lattice  building  blocks  (7,  8).  These  complex  proqrams  have  been  enlarged  and  improved  in  recent  years  to 
the  point  where  they  now  can  handle  complete  configurations  including  nacelles,  external  stores  with 
pylons  and  large  p-otuberances.  The  majority  of  these  metlods  make  use  of  the  feature  of  linearity:  if  a 
source,  vortex  or  other  such  singularity  can  be  used  to  represent  a  simple  flow,  a  number  of  such  singu¬ 
larities,  of  adequate  strength  and  strategically  located  can  represent  the  flow  about  more  complex  bodies. 
The  configuration  is  subdivided  into  a  number  of  panels  and  a  system  of  equations  is  set-uD,  expressing  the 
influence  of  every  panel  at  a  number  of  control  points,  where  suitable  boundary  condit'ons  most  be  satisfied 
Solution  of  the  resulting  matrix  yields  the  strengths  of  the  singularities  which  in  turn  can  bi:  u-.-cd  to 
calculate  the  velocities  <nd  pressures. 

Figure  10  shows  typical  representative  configurations  which  can  Le  analyzed  by  a  program  developed  by 
Tne  Boeing  Company  (9).  This  program  has  the  capability  of  analyzing  non-symmetrical  configurations,  as 
shown  by  the  sketch  of  the  yawed  wing-body  combination,  bodies  in  ground  effect,  fan-in-wing  configurations, 
external  stores,  pylon-nace' le  junctions,  large  protuberances  and  wind  tunnel  wall  effects,  internal  Hows 
in  nacelles  can  also  be  analyzed.  This  program  utilizes  constant  stren"»h  source  panel?  distributed  over 
the  exterior  surface  to  represent  non-pl-nar  surfaces.  Vino  and  tail  surfaces  are  repr*se-tetl  >y  svuree 
panels  on  the  surface  to  account  fur  thickness  effects.  Horseshoe  vortices  are  distributed  or  the  f-.ea.i 
canber  plane  to  account  for  lifting  effec  s  and  aiso  to  neutralize  excessive  variations  in  sot.-ce 
strengths  on  the  surface  when  these  occur. 
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FIGURE  12  -  BOOT  PANELLING 

The  real  promise  of  these  advanced  programs  lies  in  their  ability  to  analyze  detailed  flow  Inter* 
actions  associated  with  a  fixed  configuration.  This  is  the  tyae  of  problem  often  encountered  in  the 
detailed  design  of  a  new  aircraft.  The  Integration  and  design  of  some  part  of  a  configuration  in  the 
presence  of  other  parts,  wh'.se  c-haoe  :»y  be  relatively  fixed,  is  a  difficult  task  which  may  require  a 
large  nunfcer  of  wind  tunnel  mcd/.is  -,nd  a  long  series  of  tests.  Fiaure  13  shows  how  the  Boeing  program  was 
used  for  the  detailed  design  of  a  wing-body  leading  edge  fairing  (9).  Oil  flow  patterns  indicated  that  the 
fuselage  boundary  layer  was  separating  ahead  of  the  wing  leading  edge  causing  a  vortex  which  wrapped  around 
the  wino-bodv  Intersection. 


FIGURE  13  -  WING-FUSELAGE  PAIRING 
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in  order  to  find  a  cure  for  this  separation,  an  analysis  was  conducted  using  densely  spaced  fuselage  pan¬ 
elling  to  evaluate  the  fuselage  pressure  distribution  without  fairing  shown  by  the  solid  line  of  this  figure. 

A  theoretical  boundary  layer  analysis  along  the  fuselage,  using  the  calculated  pressures,  identified  the 
problem  to  be  the  strong  adverse  pressure  gradient  approach'ng  the  wing  leading  edge  intersection  which 
resulted  in  flow  separation.  To  cure  this  problem,  flow  field  streamlines  approaching  the  intersection  were 
computed  to  determine  the  general  pr*.h  of  the  oncoming  flow.  A  small  fairing  was  then  designed  to  be  aligned 
with  the  oncoming  flow  and  shaped  tc  eliniriate  the  local  stagnation  region.  The  theoretical  pressure  distri¬ 
bution  along  the  fuselage  and  leading  edge  of  the  fairing  is  shown  by  t*>e  dotted  line  of  this  figure.  The 
strong  gradient  was  no  longer  present  and  oil  flow  patterns  confirmed  that  flow  separation  had  been  elimi¬ 
nated.  The  good  agreement  between  theory  and  the  experimental  data  is  shown  by  the  two  points  on  this  figure. 
This  example  shows  the  success  of  this  design  approach  and  indicates  that  the  technique  of  utilizing  three 
dimensional  lifting  potential  flow  analyses  to  design  and  integrate  the  components  of  a  new  configuration  may 
hold  the  key  to  better,  more  efficient  aircraft.  These  techniques  should  be  introduced  into  the  design  pro¬ 
cess  at  an  early  stage  to  guide  the  evolving  design.  The  full  potential  of  these  new  techniques  will  be  lost 
if  they  are  used  only  for  preliminary  design. 

LOSS  OF  CONTROL  AT  HIGH  ANGLES  OF  ATTACK 

A  problem  area  that  often  exists  at  the  completion  of  the  preliminary  design  process  is  the  lack  of  high 
angle-of-attack  aerodynamic  data  and  related  analyses  of  flying  qualities  at  near-stall  anqlss-of-attack. 

In  the  Dast,  consideration  and  analyses  of  stall/post-stall/spin  characteristics  have  been  almost  non¬ 
existent  curing  the  preliminary  design  process  because  of  great  emphasis  on  the  important  performance  require¬ 
ments  that  must  be  met  within  the  operational  flight  envelooe.  Consequently,  the  degradation  in  lateral- 
directional  Stability  at  near-stall  angles-of  attack  that  many  of  our  older  tactical  aircraft  exhibits 
became  a  serious  problem  in  that  maximum  performance  maneuvering  potential  was  compromised  and  maneuvering 
boundaries  were  reduced.  Departures  from  controlled  flight  often  occurred  close  to  the  angle-of-attack  for 
minimum  turning  radius  because  of  poor  lateral -di rect ional  static  stability.  The  subsequent  post-stall 
gyration,  and  sometimes  spin,  was  responsible  for  a  large  loss  of  aircraft  and  crew. 

In  the  USAF  alone,  loss  of  control  accidents  due  to  exceeding  the  flight  envelope  between  1  January  1965 
and  30  September  197i  destroyed  229  aircraft,  caused  233  crew  fatalities  which  added  up  to  a  total  loss  of 
315  mill  ion  do* lats. 

Although  departures  from  controlled  flight  and  spins  are  usually  associated  with  fighter-type  tactical 
aircraft,  other  types  of  aircraft  have  not  escaped  this  problem.  Medium  weight  airplanes  such  as  assault 
transports,  heavy  attack  aircraft,  and  light  weignt  airplanes  like  primary  trainers  and  observation  air¬ 
craft  have  all  contributed  to  losses  attributed  to  stai 1/spin  problems.  Indeed,  there  have  even  been  cases 
of  bomber-type  aircraft  entering  a  spin  after  »  departure  from  controlled  flight. 

Preliminary  design  approaches  and  procedures  should  include  initial  investigations  of  aircraft  stability 
and  control  characteristics  at  high  angles-of-attack  so  that  an  early  determination  of  possible  flying 
qualities  problems  and  the  trade-offs  that  might  be  necessary  relative  to  performance  and  the  flight  con¬ 
trol  system  can  be  made.  Th*s  will  improve  the  probability  of  producing  a  design  that  will  have  a  high 
degree  of  departure  and  spin  resistance. 

The  kind  of  stability  and  Cuntrol  ar.jlysis  that  should  be  conducted  during  preliminary  design,  in 
order  to  obtain  a  reasonable  estimate  of  flying  qualities  at  near-stall  angles-of-attack,  involves  the 
determination  of  hign  angle-of-attack  basic  aerodynamic  data  via  the  wind  tunnel.  These  data  might  be 
supplemented,  if  necessary,  with  aerodynamic  characteristics  obtained  by  the  many  estimation  methods  avail¬ 
able  to  the  designer.  Specifically,  longitudinal  and  lateral-directional  static  stability  characteristics 
shoulo  be  determined  up  to  at  least  the  maximum  trim  angle-of-attack.  Also,  a  stal 1 /departure  prevention 
device,  is  an  integral  part  of  the  flight  control  system,  should  be  studied  very  early  in  the  preliminary 
design  since  this  rAay  be  eventually  needed  or  desired. 

Analysis  of  developed  spin  characteristics  should  also  be  conducted  as  early  as  possible.  The  spin 
tunnel  (vertical  wind  tunnel)  can  be  used  to  determine  developed  spin  modes  and  recovery  characteristics. 
Models  can  be  fabricated  in  such  a  way  as  to  allow  for  design  changes  which  might  affect  developed  spin 
and  recovery  characteristics.  An  early  entry  into  a  spin  tunnel  is  highly  reconnended. 

Static  aerodynamic  characteristics  at  near-stall  angles-of-attack  should  be  obtained  early  during  the 
initial  design  stages.  The  designer  then  has  available  basic  data  from  which  low  speed,  high  angle-of- 
attack  stability  and  control  analysis  ca.<  be  conducted.  At  this  point,  a  criterion  or  criteria  for  pre¬ 
dicting  departure  boundaries  and  spin  susceptibility  would  be  desirable. 

DEPARTURE  AND  SPIN  SUSCEPTIBILITY  CRITERIA 

In  recent  years  there  have  been  several  studies  conducted  to  determine  the  applicability  of  existing 
stability  criteria  to  predicting  departure  boundaries  and  spin  susceptibility.  These  criteria  are  kr<own 

as  the  C_,  .  .  “  and  "lateral  control  divergence  parameters  and  are  based  on  lateial-directional  static 

n3, dynamic 

stability.  Many  aircraft,  particularly  fighter-type  aircraft,  suffer  serious  degradations  in  lateral- 
directionai  stability  st  near-stall  angies-of-attack  and  these  undesirable  characteristics  are  primarily 
responsible  for  losses  attributed  to  stall/spin  problems. 

The  parameter  C_  is  generally  a  primary  factor  in  determining  the  undamped  natural  frequency 

3, dynamic 

of  the  Dutch  Roil  mode  and  has  been  shown  by  Moul  and  Paulson  to  correlate  with  directional  divergence  of 

inertiailv  slender  configurations  (12).  Further,  it  was  shown  by  Chambers  that  the  expression  C„  <0 

n3, dynamic 

is  an  approximate  criterion  for  divergence  in  the  form  of  lateral-directional  oscillatory  instability  (11). 
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Cn  !s  defined  as 

S, dynamic 


nB, dynamic  ns 


cng  «s  <*  '  (|z/1x)cl3  sin  a 


The  lateral  control  divergence  parameter  (LCDP)  relates  to  divergence  characteristics  when  lateral 
control  is  applied  and  is  defined  as 

LCDP  -  C  -  C,  (Cn  /C.  ) 

nS  *3  nia  £a 

LCDP  must  be  positive  to  avoid  lateral  divergence  and  is  an  approximation  to  the  undamped  roll  natural 
frequency  squared  (12). 

One  method  of  applying  the  criteria  is  shown  in  Figure  14.  The  parameters  are  calculated  for  a  range 
of  near-stall  angles-of-attack,  as  high  as  the  maximum  trim  angle-of-attack  and  preferably  to  five  or  ten 

degrees  above  this  value.  The  aerodynamic  characteristics  used  to  calculate  C_  and  LCDP  should  be 

nS, dynamic 

applicable  over  a  relatively  wide  range  of  sideslip  angles  (at  least  over  the  entire  linear  -ange) . 
Depending  upon  where  values  of  the  criteria  plot  a  judgment  can  be  made  regarding  departure  and  spin 
susceptibi 1 i ty. 
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REGION  A:  NO  DEPARTURES 
REGION  B:  MILD  ROLLING  DEPARTURES 
LOW  SPIN  SUSCEPTIBILITY 
REGION  C:  MODERATE  ROLLING  DEPARTURES 
MODERATE  SPIN  SUSCEPTIBILITY 
REGION  0:  STRONG  ROLLING  DEPARTURES 
HIGH  SPIN  SUSCEPTIBILITY 


FIGURE  14  -  SPIN  SUSCEPTI3ILITY  CRITERIA 

The  regions  shewn  in  Figure  14  were  determined  from  studies  by  Weissman  which  involved  six  degree  of 
freedom  motion  analysis  of  airplanes  where  a  full  set  of  aerodynamic  characteristics  were  available  as  well 
as  stall/spin  flight  test  results  (13,  14).  Briefly  summarizing  some  of  the  results  relative  tc  Figure  14, 
the  motion  exhibited  by  a  fighter-type  aircraft  laterally  disturbed  from  a  trim  condition  at  near-stall 
angles-of-attack  wai  analyzed  to  determine  if  a  departure  from  controlled  f light  resulted  as  a  consequence 
of  the  lateral  disturbance.  A  departure  is  considered  to  be  a  rolling  motion  in  a  direction  opposite  to 
that  commanded  by  lateral  control  input  (roll  reversal),  a  divergence  in  yaw  (nose  slice,  directional 
divergence),  or  a  combination  of  these  two  types  of  motion.  At  each  trim  angle-of-attack  considered,  the 
criteria  were  calculat'd  and  correlated  with  the  computed  motion,  it  was  found  that  for  values  of 
C_  and  LCDP  in  region  A,  there  was  no  tendency  to  depart  from  controlled  flight-  With  values  of 

3, dynamic 

the  criteria  plotted  in  region  B.  the  airplane  motion  exhibited  a  departure  in  the  form  of  an  initial 
divergence  in  yaw  followed  by  a  roil  reversal.  After  completing  two  or  three  rolls,  spins  were  usually 
obtained  if  no  recovery  control  was  applied  following  departure.  The  spin  modes  were  steep  and  oscillatory 
with  low  rates  of  rotation  or  so  oscillatory  that  a  con- i stent  buildup  in  ang'e-of-attack  and  yaw  rate  did 
not  occur.  Consequently,  spin  susceptibility  is  considered  low  in  region  B. 

The  motion  of  an  airplane  whose  late <*ial-di reel ional  static  characteristics  wen,  such  thpt  C 

3, dynamic 

and  LCDP  plotted  in  region  C  also  exhibited  a  departure  in  the  form  of  an  initial  directional  divergence 
followed  by  a  roll  reversal  in  the  same  direction  as  the  divergence.  However,  as  ind.catod  ir>  Figure  14  the 
departure  was  more  seven  than  that  experienced  in  region  B  and  there  was  a  faster  buildup  well  as  higher 
values  of  yaw  rate  and  angle-of-attack  in  region  C.  The  spin  modes  obtained  In  this  region  .ad  higher 
rates  of  rotation,  were  not  as  oscillatory,  and  had  higher  average  angles  of  attack.  Spin  susceptibility  is 
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considered  moderate  in  region  C.  Generally,  region  0  represents  values  of  the  criteria  where  departure 
consists  cf  a  strong  directional  divergence  together  with  some  rolling  motion.  The  airplane  completed 
one  to  two  roll  in  the  same  direction  as  the  yawing  motion  and  entered  a  spin  wnile  still  rolling. 
Consequently,  region  0  is  considered  a  region  of  high  spin  susceptibility.  An  example  of  this  motion  is 
shown  in  Figure  15- 

(REGION  D) 


a  (DEGS) 

-  r  (DEG/SEC) 


P(DEG'SEC) 


TIME  (SECS) 


FIGURE  15  *  SPIN  DEPARTURE 

A  recently  coapleted  study  by  Larson  deals  with  application  of  the  linearized,  uncouoled,  sraall- 
•erturbation  lateral-directional  equations  of  motion  to  an  unsymraetric  high  angie-of-attack  flight  condi¬ 
tion  (15).  The  purpose  of  the  study  was  to  use  the  simplified  equations  of  rvtion  to  define  an  airplane's 
ang 1 e-of -a t tack ,  sideslip  angle  envelope  and  from  this  be  able  to  predict  stability  characteristics  at 

near-stall  angles-of-attack.  It  was  found  that  the  C.  and  lateral  control  departure  parameters 

*3  .cynarat  c 

correlate  very  well  with  instabilities  indicated  by  the  roots  of  the  characteristic  equation  for  the 
particular  airplane  considered  in  this  study  (the  A-7  aircraft). 

Figure  16  is  an  example  of  the  results  obtained  from  th.s  study.  The  line  labeled  "Cns  dynaB,;c"  rcPre* 

sents  the  locus  of  the  smallest  sideslip  angle  at  which  the  parameter  first  indicates  instability  (a  nega¬ 
tive  value).  Likewise,  the  lines  labeled  "LCSP"  and  "roots"  represent  the  points  where  the  lateral 
control  departure  parameter  (LCDP)  first  becomes  negative  and  where  the  real  part  of  the  Dutch  Roll  pair  of 
complex  roots  first  become  positive.  The  dashed  line  is  a  departure  boundary  cased  on  A-7  flight  test  data 
and  considering  that  actual  departures  from  controlled  flight  represent  dynamic  flight  conditions,  the 
correlation  is  quite  good.  It  shou.d  be  noted  that  this  stuoy  represents  an  application  to  a  particular 
aircraft  and  this  method  of  analysis  may  net  always  result  in  as  good  a  correlation  *or  another  aircraft. 
However,  the  method  appears  to  satisfactorily  predict  the  general  conditions  under  which  high  angle-of- 
atuck  lateral-directional  stability  might  be  a  problem  and  has  promise  fer  use  in  preliminary  design. 
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FIGURE  16  -  CORRt.LATiC‘1  OF  PREDICTED  DEPARTURE  BOUNDARY  WITH  FLIGHT  TEST  RESULTS 


CnoRf L'T ID"  OF  CRITERIA  WITH  EXPERIMENTAL  RESULTS 

In  terns  of  criteria  based  or.  static  lateral -di  rect  ional  stability,  results  of  a  limited 

correlation  with  experimental  data  indicate  that  the  C_  .  and  lateral  control  departure  parameters 

ns, dynamic 

can  be  used  as  preliminary  design  criteria  for  predicting  departure  characteristics  and  spin  suscepti¬ 
bility.  Fi  jre  17  shows  node!  and  full-scale  flight  test  results  for  several  aircraft.  The  angle-of- 
attack  not'd  next  to  each  point  is  the  angfe-of-attack  at  which  the  criteria  has  been  calculated. 

As  was  noted  above,  for  values  of  the  criteria  {at  a  given  angle-of-attack)  which  plot  in  region  A, 
there  is  no  tendency  to  depart  from  controlled  flight.  Criteria  values  for  the  F-5  airplane  will  always 
be  positive  at  near-stall  angles-of-attack;  consequents  the  one  point  shown  in  Figure  17  in  the  upper 
right  hand  quadrant  is  representat i ve  for  this  airplane.  The  maximum  flight  test  excursions  in  angle-of- 
attac~  encountered  during  simulated  air-to-air  comoat  maneuvers  were  wwooi  3D  degrees  and  presented  no 
problems  regarding  departure  resistance.  Some  recent  F-5  tethered  free-'iight  model  test  results  have 
also  .“'own  the*  the  aircraft  is  virtually  departure  resistant  to  angles -of -attack  greater  than  30  degrees. 
Regarding  >pin  susceptibility,  an  abnormally  abrupt  application  of  aft  longitudinal  control  at  maximum 
rate  is  needed  to  enter  a  spin. 

Correlation  of  the  criteria  with  F-AE  departure  characteristics  is  shown  for  the  airplane  with  and 
without  the  effects  of  wing  leading  edge  slats.  Without  leading  edge  slats  {lower  left  hand  quadrant) 
tethered  free-flight  model  test  results  indicate  directional  divergence  at  an  ,nngle-of -attack  of  ;bout 
26  or  27  degrees.  Fuii-scaie  flight  test  results  show  departures  generally  occurring  between  the  27  and 
AO  degree  angle-of-at lick  range.  F-AE  tethered  free-flight  model  test  results  show  that  the  addition  of 
slats  delays  the  occurrence  of  directional  dive-gence  to  an  angle-of-attack  of  about  32  degrees  (lower 
right  hand  quadrant)  and  limited  full-scale  flight  tests  indicated  ?  nild  yaw  divergence  at  about  29  degrees 
angle-of-attack  although  this  was  not  always  experienced.  The  F-AF.  without  leading  slats  is  cons-dered 
highly  susceptible  to  spin  foi 'owing  a  departure  if  recovery  control  i  ,.ut  is  delayed  or  if  the  wrono 
recovery  control  technique  is  used.  With  leading  edge  slats,  soin  susceptibility  is  not  as  hiqn  because 
of  the  improved  depa-ture  characte . I st i cs  at  the  Higher  angles-of-attack. 

Free-fliqht  model  tests  have  establisned  a  deoarture  boundary  as  a  function  of  angle-of-attack  and 
wing  ,weep  angle  for  t  ie  F-ll»  airplane.  Full-scale  flight  test  results  are  limited  J~d  for  the  most  part 
unpublished.  The  data  shewn  in  Figure  1?  for  the  F- 111  at  a  winn  sweep  angle  of  26  degrees  indicates 
departure  from  controlled  flight  over  an  angle-of-at tack  range  of  22  to  35  decrees.  Model  lestino 
established  the  departure  angie-of-at tack  for  this  wing  sweep  angle  at  about  25  degrees  and  for  a  Sweep 
angle  of  50  degrees,  departure  occurs  at  about  3'D  degrees  angle-of-attack. 


18-16 


o  F-4E  WITH  II  SLATS 

A  F-4E  NO  Lf  SLATS 

□  F-lll  WING  SWEEP  26° 

0  F-lll  WING  SWEEP  5(f 

iv  F-5 

>.0  TYPICAL  FIGHTERS 


FILLED  SYMBOL  -  ftT.  TEST 
OPEN  SYMBOLS  -  FREE  aT.  MODELS 


A 


"T 


■  35 

♦  A 

35  27 

A 

35 


30 


n  ►  » 


Cn  ,  DYNAMIC 


I _ 


I® 

25 


FIGUKt  17  *  CORRELATION  OF  HODEL  TESTS  WITH  FLIGHT  TESTS 

Departure  characteristics  are  basically  rolling  departures,  the  severity  of  the  departure  increasing  as 
angle-of-attack  increases.  The  airplane  exhibits  a  strong  directional  divergence  followed  by  a  rapid 
rolling  motion  in  the  direction  of  yaw.  The  values  of  the  criteria  shown  for  the  F-lll  are  In  the  regions 
where  this  kind  of  motion  was  obtained  in  the  analytical  studies  described  above.  Full-scale  flight  test 
results  are  not  now  available  for  a  50  degree  wing  sweep  angle;  however,  at  a  degree  sweep  angle  the 
airplane  departs  at  about  30  degrees  angle-of-attack.  Spin  susceptibility  is  considered  high  at  any  wing 
sweep  angle,  particularly  at  the  higher  angles-of-attack  shown  in  Figure  17.  Criteria  value  for  a  sweeo 
angle  of  50  degrees  at  an  angle-of-attack  (35  degrees!  above  the  model  test-determined  departure  angle-of- 
-ittack  (30  degrees)  is  also  shown. 

CONCLUSIONS 

The  development  of  a  new  aircraft  requires  many  trade-offs  and  design  compromises  which  may  intro¬ 
duce  severe  aerodynamic  problems  caused  by  complex  flow  interactions  when  certain  components  are  integrated 
into  :.he  complete  configuration.  Early  detection  and  correction  of  aerodynamic  problems  is  essentia)  to 
avoid  costly  design  changes  and  possible  delays  in  program  schedules. 

There  is  a  very  definite  need  for  investigating  aircraft  stability  and  control  characteristics  at  high 
angles-of-attsch  during  preliminary  design.  Design  criteria  based  on  lateral-di rect ional  static  stability 
have  been  developed  to  reveal  possible  problems  relative  to  departure  characteristics  and  spin  suscepti¬ 
bility  In  particular,  results  of  a  limited  correlation  indicate  that  directional  and  lateral  control 
divergence  parameters  can  be  used  as  preliminary  design  criteria  for  analyzing  departure  characteristics 
and  spin  susceptibility  of  aircraft.  It  was  found  that  these  parameters  correlate  very  well  with  Insta¬ 
bilities  indicated  by  the  roots  of  the  characteristic  equation  for  one  aircraft.  Reasonably  good  corre¬ 
lation  was  obtained  with  the  criteria  using  model  and  full-scale  flight  test  results. 

The  application  of  three  dimensional  aerodynamic  analysis  methods  and  spin  prevention  criteria  early 
in  the  development  of  a  new  aircraft  may  be  the  key  to  better  design  optimization  and  improved  Integration 
of  the  components.  Further  -esrjrch  to  improve  the  accuracy  of  these  prediction  methods  would  provide  a 
large  payoff  in  terms  of  aerodynamic  efficiency,  mission  capability,  and  life  cycle  costs. 
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SUMMARY 

Aircraft  design  is  an  extremely  complex  process  involving  many  interacting  technical  factors  drawn 
from  different  engineering  disciplines.  Recent  advances  in  (...mputer  technology  and  in  mathematical 
optimisation  theor  '  have  made  possible  the  development  of  comparer  programs,  combining  aircraft  initial- 
desigr  equations  *..4rh  advanced  numerical  optimisation  techniques,  which  are  capable  c£  defining  the  optimum 
aircraft  design  for  a  chosen  standard  of  technology  and  a  s;ecified  performance  requirement. 

This  paper  describes  the  development  at  the  Royal  Aircraft  Establishment,  Farnborough  of  a  computer 
program  which  can  oprinise  the  preliminary  design  of  a  subsonic  swept-wing  jet  transport  aircraft.  This 
program  can  be  used  to  assess  rapidly  the  effects  on  the  optimum  design  of  changes  in  the  specified 
performance  or  of  advances  in  aerodynamic,  structural  or  engine  technology.  Compound  optimisation  functions 
including  several  of  the  aircraft  characteristics,  e.g.  operating  cost,  noise,  ride  comfort,  etc.,  with 
different  weighting  factors  can  be  used  to  produce  designs  in  which  large  improvements  in  some  character¬ 
istics  have  been  obtained  at  the  cost  of  small  penalties  in  others. 

The  development  of  a  similar  program  for  the  >«itial-design  optimisation  of  military  aircraft  presents 
some  special  problems;  in  particular,  the  definition  of  a  compound  optimisation  function  which  accurately 
reflects  the  effectiveness  of  a  military  aircraft.  These  problems  are  discussed,  and  the  utility  and 
benefit  of  such  a  program  for  military  aircraft  are  assessed. 


1.  INTRODUCTION 


The  task  of  finding  the  best  aircraft  design  to  fill  a  given  role  is  extremely  complicated.  Even  if 
a  satisfactory  criterion  of  merit,  can  he  defined,  the  designer  is  faced  with  a  problem  composed  of  a  large 
number  of  interacting  technical  factors  drawn  from  several  different  engineering  and  scientific  disciplines, 
and  by  the  need  to  satisfy  numerous  mission  requirements  and  constraints.  His  difficulties  are  compounded 
by  the  rapid  rate  of  tecnnical  progress  in  the  aeronautical  sciences,  which  forces  the  designer  either  to 
work  with  uncertain  data  from  the  frontiers  of  knowledge  or  ts  use  proven  tt .hnoiogy  and  risk  producing  an 
obsolescent  aircraft. 


The  designer  gee  .ally  places  much  reliance  on  the  large  body  of  experience,  built  t.p  over  a  number 
of  years  in  his  design  organisation,  to  guide  him  towards  the  best  solution  to  any  particular  requirement. 

Ir.  the  past  such  ^  lidance  has  often  been  supplemented  by  parametric  studies,  in  which  one  r.r  two  of  the 
principal  design  ci«.  act<-  -:stics,  (e.g.  wing  loading,  thrust/weight  r..tio)  were  varied  to  discover  how  the 
variation  affected  the  aircraft  design  and  performance.  Although  such  studies  did  help  designers  with 
imag'nation  and  sound  technical  insight  to  improve  aircraft  designs,  they  were  not  entirely  satisfactory 
because  varying  onl.  a  few  of  the  design  characteristics  did  not  reveal  the  entire  range  of  potential 
improvements,  and  because  the  results  obtained  by  varying  a  single  design  characteristic  while  others  remain 
fixed  can  be  misleading,  as  the  fixed  values  are  necessarily  most  appropriate  to  one  value  of  the  varying 
characteiistic  and  rhis  value  may  not  be  the  best. 


However  the  advance  of  digital  computer  technology  during  the  last  two  decades  has  led  to  dramatic 
changes  in  the  type  and  complexity  of  the  problems  which  computers  can  help  to  solve.  Large  computer  pro¬ 
grams  are  already  being  used  to  design'  aerofoils  with  supercritical  flow,  analyse  the  design  stress  levels 
in  aircraft  structures  ,  and  calculate^  aircraft  performance  for  complex  mission  profiles.  During  the  S3me 
period  improvements  in  numerical  optimisation  techniques  have  made  possible  the  development  of  computer 
programs  to  optimise,  for  ■example,  the  structural  design  of  an  aircraft  to  have  minimum  mass  yet  sustain  a 
preset ibed  load-4,  the  shape  of  a  supersonic  transport  to  create  the  mininiE  sonic  boora^,  and  the  climb  pro¬ 
file  of  a  fighter  aircraft  to  give  the  minimum  time  to  intercept®.  In  addition  to  such  ptogramr.  used  in 
the  different  aeronautical  disciplines  of  structures  aerodynamics  and  performance,  several  interdisciplinary 
programs^*®*®  to  optimise  the  design  of  the  whole  aircraft  at  the  initial-project  stage  have  also  been 
developed. 


This  paper  describes  in  section  2  a  computer  program  for  aircraft  design  synthesis  and  optimisation 
which  has  been  developed'^, 1! , !2  during  the  last  few  years  in  the  Royal  Aircraft  Establishment  at 
Farnborough.  Although  the  detailed  design  and  development  of  new  aircraft  in  the  United  Kingdom  is  the 
concern  of  the  airframe-manufacturing  industry,  the  RA£  is  responsible  for  helping  Government  Departments 
to  assess  new  projects  and  to  guide  the  aeronautical  research  program  towards  those  areas  where  improved 
knowledge  will  be  important  for  the  development  of  future  aircraft.  It  is  therefore  necessary  to  have 
within  the  RAE  a  sound  appreciation  of  the  aircraft  design  process,  and  the  capability  *.f  studying  the 
effects  on  aircraft  design  of  technological,  cocaercial  and  military  developments.  To  help  provide  this 
capability,  the  RAE  computer  program  for  transport  aircraft  design  synthesis  snd  optimisation  was  created 
by  combining  aircraft  design  equations  for  aerodynamics,  structures  and  propulsion  with  a  numerical 
optimisation  technique  so  that  the  program  could  define  the  'best*  aircraft  design  for  a  specified  mission. 
The  program  can  choose  the  values  of  up  to  20  of  the  principal  design  characteristics  of  a  subsonic  swept- 
wing  jet  transport  aircraft  which  give  the  best  value  of  a  selected  criterion  of  merit  and  satisfy  the 
specified  requirements  and  constraints,  using  a  chosen  standard  of  aeronautical  technology.  The  criterion 
of  merit,  and  any  of  the  requirements  and  constraints,  may  if  required  be  a  complex  function  dependent  on 
the  aircraft  design  characteristics.  The  input  data  to  the  program  must  ccntain  sufficient  information  on 
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the  aerodynamic,  engine  and  structural  design  rtandaros  for  the  program  to  calculate  the  economics  and 
performance  of  each  of  the  aircraft  designs  (typically  about  10000)  considered  during  the  optimisation 
process.  The  output  from  the  program  contains  the  estimated  values  of  the  sire,  mass  and  cost  of  the 
various  aircraft  components,  as  well  as  the  optimum  values  of  the  design  characteristics  and  the  perform¬ 
ance  of  the  optimum  aircraft.  The  program  is  written  in  FORTRAN  and,  on  an  ICT.  1907  computer,  one 
optimisation  requires  about  30  minutes,  including  some  15  minutes  of  central  processor  time. 

Section  3  discusses  some  of  the  problems  which  were  encountered  in  the  development  of  the  program, 
and  the  methods  which  were  used  to  overcome  them.  Some  examples  of  the  applications  of  the  program  are 
presented  in  section  4  each  example  illustrating  a  different  facet  of  the  program's  capability.  The 
examples  demonstrate  how  the  program  may  be  used  to  investigate  the  effects  of  changing  the  specified 
field  length'®,  of  using  an  advanced  standard  of  aerofoil  design'^  and  of  changing  the  criterion  of 
merit  *5, lo. 

Section  5  describes  another  program  which  is  being  developed  at  the  RAE  for  the  design  synthesis  and 
optimisation  of  military  aircraft  (other  than  transports  which  could  be  handled  by  the  existing  program). 

The  primary  purpose  of  the  program  for  military  aircraft,  as  of  the  program  for  transport  aircraft,  is  to 
provide  the  means  of  rapidly  identifying  the  best  aircraft  to  perform  a  specified  mission  (thus  providing 
the  basis  for  more  detailed  design  studies)  and  of  assessing  the  effects  of  advances  in  aeronautical 
technology.  A  further,  and  perhaps  more  ambitious,  purpose  of  the  military  aircraft  design  program  is  to 
assist  the  Air  Staffs  in  framing  their  requirements  by  demonstrating  how  the  chosen  value  of  the  aircraft 
performance  affect  its  design  and  economy.  In  the  current  exploratory  study  a  program  for  optimising  the 
wing  geometry  of  an  aircraft  required  to  satisfy  given  performance  and  mission  requirements  is  being 
written,  but  it  is  expected  that  this  program  will  be  developed  to  include  optimisation  of  the  variables 
governing  the  mission,  payload,  range  and  performance.  The  special  problems  associated  with  the  optimisa¬ 
tion  of  military  aircraft  include 

(1)  the  difficulty  ci  defining  a  satisfactory  assessment  criterion 

(2)  the  tendency  o  military  aircraft  to  fly  at  the  limits  of  the  currently-attainable  flight 
envelope  where  the  data  required  to  formulate  aerodynamic  design  relationships  is  very  scarce 
and  very  nonlinear 

(3)  the  integrated  layouts  characteristic  of  military  aircraft  with  strong  interactions  between, 
for  example,  the  fuselage  size,  engine  dimensions,  fuel  capacity,  etc. 

These  A  •  ’ties,  though  complex  and  considerable,  should  not  be  overestimated  as  they  are  not  different 
in  kin  jut  only  in  degree,  from  those  which  have  already  been  successfully  overcome  in  developing  the 
existing  RAE  program  for  design  synthesis  and  optimisation  of  transport  aircraft.  Indeed  it  may  be  argued 
that  the  complexity  of  military  aircraft  design  strengthens  the  case  for  computer-based  optimisation 
studies  because  only  this  type  of  investigation  can  take  account  of  alt  the  relevant  interactions  and 
constraints. 

The  use  of  computer  programs  for  optimising  aircraft  design  should  bring  several  important  advantages. 
In  the  initial-design  phase,  the  tine  spent  in  defining  the  best  aircraft  design  to  meet  a  coraplct.  set  of 
requirements  and  constraints  should  be  considerably  reduced,  thus  shortening  the  dangerous  gap  between  the 
mili’ary  or  commercial  forecasts  underlying  the  requirements  and  the  aircraft's  entry  into  service.  Further¬ 
more  such  programs  can  be  used  to  indicate  quickly  the  best  way  of  exploiting  an  actual  or  anticipated 
advance  in  aeronautical  technology,  and  the  most  cost-effective  way  of  dealing,  at  any  stage  in  development, 
with  changes  in  the  mission  requirements  or  in  the  economic  and  technical  design  data.  There  is  of  course 
a  danger  that  overreliance  on  such  programs  could  lean  to  diminished  understanding  of  the  physical 
realities  on  which  they  depend,  but  this  danger  is  lessened  by  analytical  optimisation  studies*^,1®  where 
these  physical  realities  are  revealed  by  the  design  equations  rather  than  concealed  behind  the  computer's 
blinking  lights. 

2  THE  RAE  PROGRAM  FOR  AIRCRAFT  DESIGN  SYNTHESIS  AND  OPTIMISATION 
Z  Description  ot  the  program 

During  the  last  few  years  a  computer  program  which  can  optimise  the  design  of  a  subsonic  s.'ept-wing 
jet  transport  aircraft  has  been  developed *-  in  the  Royal  Aircraft  Establishment  at  Famborough.  This 
program  uses  a  numerical  optimisation  technique 1 1  to  find  a  set  of  values  for  the  design,  variables, 
deifning  the  principal  characteristics  of  the  airframe  and  engine,  which  satisfies  the  specified  •mission 
requir»-cnis,  -.issior.  constraints  and  design  constraints  and  which  gives  the  best  value  of  the  chosen 
cpii-.icaticK  function.  The  optimum  values  of  the  desiyn  variables  are  then  used  in  conjunction  with  the 
design  p<s  ancters,  which  govern  the  assumed  standards  of  aerodynamic,  structural  and  engine  technology,  to 
calculate  he  performance,  mass  breakdown  and  direct  operating  costs  of  the  optimum  aircraft. 

The  design  variables  to  be  optimised  arc- 

wing  area 

wing  swcepback 

wing  thickness/chord  ratio 

wing  aspect  ratio 

wing  taper  ratio 

engine  size 

chord  and  span  of  the  flap 
chord  of  the  full-span  slat 
flap  deflections  on  take-off  and  landing 
slat  dc  'lections  on  take-off  and  landing 


cruising  epsed 
cruising  altitude. 
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Durii.g  the  optimisation  process,  each  of  these  design  variables  nay  vary  uithin  a  range  bounded  by 
two  Units,  fixed  generally  by  the  lack  of  sufficient  reliable  mass  and  performance  data  outside  that  range 
Because  the  program  is  at  present  directed  principally  towards  optimising  the  geometry  of  the  wing  and  high 
life  devices,  this  geometry  is  specified  in  more  deta'l  chan  other  parts  of  the  aircraft;  f  r  example  only 
-he  size  of  the  engine  is  varied  in  the  optimisation  while  its  bypass  ratio,  fan  pressure  ratio,  etc.,  are 
fixed. 


The  mission  requirements  are  defined  by  the 

number  of  passengers 

mass  of  baggage  and  freight 

furnishing  and  galley  standards 

range  with  full  payload 

diversion  distance  and  holding  time. 

The  number  of  passengers  and  the  furnishing  standard  chosen  are  used  to  calculate  the  size  and  mass 
of  the  fuselage,  which  therefore  remains  fixed  and  plays  no  part  in  the  optimisation  process.  The  diver¬ 
sion  distance  and  holding  period  are  used  to  calculate  the  mass  of  fuel  reserves  required. 

Each  of  the  mission  requirements  is  specified  by  a  fixed  value  and  the  performance  of  the  optimum 
aircraft  must  attain  these  values.  But  this  performance  must  also  satisfy  seveial  mission  constraints 
which  are 


cruise  speed  must  exceed  a  specified  value 
cruise  altitude  must  exceed  a  specified  value 

take-off  distance  at  max.  take-off  weight  must  be  less  than  a  specified  value 
engine-failed  climb  gradient  at  take-off  speed  must  exceed  the  value  specified 
by  airworthiness  requirements 

approach  speed  a*  normal  landing  weight  must  be  less  than  a  specified  value 

The  lower  limits  on  c-uising  speed  ana  altitude  are  generally  fixed  by  inter-airline  competition  or 
competition  from  other  transport  modes  and  by  air  traffic  control  requirements  respectively.  The  limits 
on  take-off  distance  and  approach  speed  may  be  associated  with  specified  values  of  runway  roughness, 
altitude  and  temperature.  The  specified  values  of  the  mission  constraints  form  upper  (or  lower)  limits 
which  must  net  be  transgressed  but  do  not  define  the  performance  of  the  optimum  aircraft  which  is  iree  to 
have  a  shorter  take-off  distance  or  a  higher  cruise  speed  than  those  specified,  provided  that  the  value  of 
the  optimisation  function  is  improved  thereby. 

This  design  of  the  optimum  aircraft  must  satisfy  some  design  constraints  which  are 

satisfactory  longitudinal  and  lateral  stability 
acceptable  fuselage  angles  on  take-off  and  landing 
adequate  fuel  tank  capacity 

It  is  assumed  that  satisfactory  stability  characteristics  can  be  obtained  by  specifying  chat  the  fin 
and  tailplanc  shall  be  large  enough  to  give  conventional  values  of  the  corresponding  volume  coefficients, 
and  by  ensuring  that  the  wing  sweep  and  aspect  ratio  do  not  combine  to  give  unacceptable  stalling  stability 
characteristics.  More  detailed  methods1®  can  be  used  to  estimate  the  stability  and  controllability  of  the 
optimum  aircraft,  but  these  me  hods  have  not  yet  been  incorporated  into  the  optimisation  program.  To  allow 
the  aircraft  to  operate  with  ie-s-than-maximum  payload  but  over  a  greater  range,  the  fuel  tank  capacity 
inside  the  wing-box  of  the  optir.'.aa  aircraft  must  exceed  that  required  to  accommodate  the  fuel  required  for 
a  flight  at  maximum  take-ofi  mass  but  only  a  fraction  (gen  .rally  around  0.4)  of  the  maximum  oayload. 

At  present  the  minimum  direct  operating  cost  is  generally  us 'u  the  optimisation  function,  i.e.  the 

aircraft  design  variables  are  optimised  to  achieve  the  minimum  possible  value  of  direct  operating  cost, 
but  it  is  interesting  sometimes  to  use  other  optimisation  functions  to  study  the  resulting  changes  in  the 
design  and  performance  of  the  optimum  aircraft.  For  commercial  transport  aircraft  with  specified  mission 
requirements,  the  alternative  optimisation  functions  include 

minimum  first  cost 

minimum  (fare  +  value  of  journey  time) 
minimum  noise  footprint  area 
minimum  fuel  rensumed 
maximum  passenger  comfort 
maximum  airline  profit. 

It  is  also  possible  to  use  in  the  program  compound  opt imisati  i  functions,  combining  two  or  more  of  those 
listed,  and  an  example  of  this  approach  is  given  in  section  4.4. 

The  design  oars~,eters  are  used  in  the  design  relationships  to  calculate  the  aerodyn.'iic  pe-formance 
of  the  wing  and  high -lift  devices  at  cruise,  take-off  and  landing,  the  thrust  and  fuel  consumption 
characteristics  in  cruise,  diversion  and  hold  conditions,  the  noise  footprint  a-ea,  and  the  masses,  first 
costs  and  maintenance  costs  of  each  aircraft  component.  The  aerodynamic  parameters  are  those  associated 
with  a  particula;  standard  of  aerofoil  section  design  and  with  a  particular  type  of  high-lift  system  (e.g. 
a  double-slotted  Fowler  flap  combined  with  a  leading-edge  slat).  The  airframe  mass  parameters  are 
determined  by  the  chosen  structural  material  and  method  of  structural  design  and  by  tse  chosen  arrangement 
of  the  wing  and  engines;  rear-mounted  engines  must  be  associated  with,  for  example,  a  mass  penalty  on  tht- 
rear  fuselage.  The  engine  parameters,  defining  its  thrust,  fuel  conunption  and  noise  characteristics, 
are  those  associated  with  a  particular  type  of  engine  design  (e.g.  bypass  ratio  *  5  ,  singlt-stag*  fan). 
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uith  a  particular  level  of  powerplant  technology  (e.g.  component  efficiencies j  turbine  entry  temperature, 
installation  losses,  etc.)  and  with  a  particular  silencing  arrangement  (e.g.  cowl  length,  wall  liners, 
splitters  etc.). 

The  characteristics  associated  with  a  certain  engine  type  are  chosen  as  fixed  design  parameters 
because  variation  of  the  engine  design  induces  discontinuous  changes  in  the  characteristics  (for  example, 
the  engine  mass/unit  thrust  changes  sharply  as  the  design  changes  from  a  two-stage  fan  to  a  single-stage 
fan  or  from  a  single-stage  fan  to  a  geared  fan)  and  such  changes  disrupt  the  optimisation  procedure, 
different  engine  types,  or  different  types  of  high-lift  systems,  can  of  course  be  compared  by  repeating 
the  optimisation  with  a  different  set  of  design  parameters  to  find  the  optimum  aircraft  design  associated 
with  each  type*.  The  design  parameters  defining  the  first  costs  and  maintenance  costs  of  the  airframe 
and  engine  are  based  on  the  results  of  design  studies  by  the  airframe  and  aero-engine  manufacturers;  there 
is  inevitably  some  uncertainty  about  the  chosen  values  of  the  cost  parameters  but  comparison  of  several 
cptirised  designs  using  the  same  parameters  are  unlikely  to  be  misleading. 

2.2  Optimisation  pro.-edure 

The  program  is  started  by  supplying  to  the  coiaputer  some  input  data  including  values  defining  the 

mission  requirements, 
mission  constraints, 
design  constraints,  and 
design  parameters 

and  values  giving  first  guesses  and  acceptable  limits  of  the  design  variables.  These  guessed  values  of 
the  design  variables  are  used  in  conjunction  with  the  mission  requirements  and  design  parameters  to  design 
an  aircraft  which  is  capable  of  carrying  the  required  payload  over  thu  required  distance  with  approriate 
fuel  reserves,  but  which  may  not,  and  probably  does  not,  satisfy  the  constraints.  The  program  then  alters 
rhe  design  variables  to  minimise  the  sum  of  the  squares  of  the  differences  between  the  aircraft  performance 
3nd  the  constraints  which  are  not  currently  satisfied,  and  thus  to  obtain  an  aircraft  design  which  can 
perform  the  specified  mission  and  does  Satisfy  the  mission  constraints  and  design  constraints.  This  design 
is  termed  the  'first  feasible  solution'.  For  this  design  the  program  calculates  the  partial  derivative 
with  respect  to  each  design  variable  of  a  penalised  optimisation  function  which  is  the  sum  of  the  optimisa¬ 
tion  function  and  several  penalty  functions,  each  of  which  is  proportional  to  the  reciprocal  of  the  distance 
of  the  design  from  one  of  the  constraints.  The  use  of  these  penalty  functions  prevents  tne  constraints 
bei  g  crossed  during  the  optimisation  procedure  and  allows  the  use  of  a  method  for  unconstrained  minimisa¬ 
tion  of  the  penalised  function;  this  program  uses  a  modified  version1!  of  Davidon's  gradient  method.  The 
partial  derivatives  are  used  to  calculate  the  changt t  to  the  design  variables  which  most  rapidly  improve 
the  value  of  the  penalised  function.  These  changes  define  the  direction  of  a  vector  in  multi-dimensional 
space  and  the  design  variables  are  changed  to  move  the  aircraft  design  along  this  vector  (the  search 
direction)  until  the  penalised  function  ceases  to  improve.  At  this  point  fresh  partial  derivatives  are 
calculated  and  the  cycle  is  repeated.  When  the  value  of  the  penalised  function  cannot  be  further  improved 
the  first  estimated  optimum  design  has  bein  reached.  The  penalty  functions  are  then  altered  to  make  them 
steeper  thus  changing  the  best  value  of  the  penalised  function  and  the  aircraft  design  associated  with  it, 
and  the  sear-h  proc-  dure  is  repeated  to  find  the  second  estimated  optimum  design.  The  completion  of  each 
search  procedure  marks  the  end  of  the  'stage'  and  successive  stages  are  performed  until  the  rate  of  change 
of  the  estimated  optimum  design  becomes  insignificant;  experience  of  using  the  program  to  optimise  the 
design  of  transport  aircraft  suggests  that  six  stages  is  generally  enough  for  such  aircraft. 

The  optimisation  procedure  reviewed  in  this  section  is  presented  and  discussed  in  more  detail  in 
Ref.  II;  tne  following  five  sections  contain  brief  description;,  of  the  methods  u3ed  to  determine  the  aero¬ 
dynamic,  engine  and  performance  characteristics,  the  mass  breakdown  and  the  noise  footprint. 

2.3  Aerodynamics 

The  aerodynamics  section  of  the  program  computes  lift  and  drag  characteristics  fer  the  take-off, 
cruise,  diversion,  holding  and  landing  ohases  of  the  flight.  For  the  phases  of  the  flight  with  the  high- 
lift  devices  retracted,  the  lift  and  drag  coefficients  are  derived  directly  from  the  mission  requirements 
and  from  the  independent  design  variables  -'iich  together  define  the  aircraft  mass,  wing  geometry  and 
cruise  conditions.  For  take-off  and  landing,  the  lift  and  drag  coefficients  associated  with  the  geometry 
of  the  particular  wing  and  high-lift  devices  being  considered  are  calculated  from  the  known  aerodynamic 
characteristics  of  a  reference  aircraft,  us:ug  empirical  factors  tc  allow  for  the  differences  in  the  wing 
geometry  (aspect  ratio  sweepback,  thick-  ^s/chord  ratio,  taper  ratio)  and  the  size  and  deflection  of  the 
high-lift  devices. 

Thus,  for  example,  the  drag  coefficient  in  the  cruise  condition  is  expressed  as  the  sum  of 

the  profile  drag  coefficient  of  the  wing 
the  extra-to-wing  profile  drag  coefficient 

the  additional  profile  drag  coefficient  due  ro  compressibility,  and 
the  li ft-depandent  drag  coefficieit. 

The  p,ofile  drag  coefficient  of  the  wing  depends  on  the  exposed  wing  area,  the  thickness/chord  ratio,  the 
aerodynamic  sweep  and  the  Reynolds  number  based  on  mean  chord.  The  extra-to-wing  drag  depends  on  the 
wetted  areas  of  the  fuselage,  empennage  and  nacelles.  The  drag  increment  due  to  compressibility  is 
expressed  as  an  empirical  function,  based  on  drag  data  from  recent  transport  aircraft,  of  the  '-'fference 
between  the  cruise  Mach  number  and  the  design  Mach  number  of  the  wing;  the  design  Mach  number  and  the 

*  In  an  alternative  version^®  of  the  program  the  variation  of  the  engine  characteristics  with  specific  thrust 
and  with  the  level  of  acoustic  treatment  are  approximated  by  a  series  of  smooth  curves;  aircraft  designs 
can  then  be  optimised  with  engine  specific  thrust  and  engine  silencing  as  additional  design  variables. 
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sectional  lift  cccrf'cient  of  t'ie  wing  are  related  to  the  thickness/chord  ratio  and  the  aerodynamic  sweep 
by  an  expression  based  on  the  Jrag-rise  characteristics  of  rooftop  aerofoil  sections  and  including  a  coeffi¬ 
cient  defining  the  choaen  standard  of  aerofoil  section  design.  The  lift-dependent  drag  depends  on  the  square 
of  the  cruise  lift  coefficient,  the  aspect  ratio  and  a  typical  value  of  the  life-dependent  drag  factor. 

2.4  Engine 

The  performance  of  the  engine  during  the  take-off  is  estimated  from  the  engine  mass  using  two  design 
parameters  which  define  the  engine  mass/unit  thrust  and  the  variation  of  the  engine  thrust  with  forward 
speed.  The  engine  performance  in  cruise  is  calculated  from  a  design  parameter  giving  the  engine  mass/unit 
cruise  thrust  at  a  chosen  datum  condition  (e.g.  M  *  0.8  at  30000  ft)  and  a  factor  interpolated  frem  data 
giving  the  variation  of  engine  thrust  vuu  Mach  number  and  altitude.  Similarly  me  values  of  the  specific 
iuel  consumption  at  cruise,  diversion  and  hold  conditions  are  obtained  by  interpolation  from  data  giving 
the  variation  of  fuel  consumption  with  Mach  number,  altitude  and  throttle  setting.  The  wetring  area  of 
the  engine  nacelle  needed  for  drag  estimation  is  calculated  from  a  fixed  design  parametei  defining  the 
nacelle  area/unit  thrust  typical  ci  the  chosen  engine  type.  The  design  parameters  for  thrust  and  specific 
fuel  consumption  include  allowances  for  the  effect  of  installation  losses  and  of  air  and  power  offtakes. 

2.5  Performance 

The  take-off  distance  is  obtained  from  an  expression  involving  the  take-off  mass  of  the  aircraft,  its 
static  thrust,  its  wing  area  and  rhe  take-off  lift  coefficient  calculated  as  described  in  section  2.3 
above;  these  variables  are  related  to  the  take-off  distance  by  an  empirics!  coefficient  derived  from  an 
analysis**  of  tne  take-off  performance  of  current  aircraft.  The  take-off  lift  coefficient  is  related  to 
the  value  of  the  lift/drag  ratio  at  take-off,  and  rhis  value  in  turn  is  fixed  by  the  take-off  thrust/weight 
ratio  and  by  the  minimum  acceptable  engine-failed  climb  g-adient  at  the  take-off  safety  speed.  Similarly 
the  landing  distance  is  obtained  from  an  expression  involving  the  approach  speed  and  the  standard  of 
braking  assumed. 

An  equivalent  cruise  range  is  calculated  as  the  sum  of  the  stage  range  specified  in  the  mission 
requirement,  and  the  lost  range  associated  with  the  extra  fuel  used  in  the  climb  and  descent;  this  lost 
range  is  calculated^-  from  the  aircraft's  design  characteristics  and  its  cruise  speed  and  altitude.  The 
fuel  required  for  this  equivalent  cruise  range,  flown  at  constant  speed  and  altitude,  is  then  calculated 
using  a  formula  which  takes  account  of  the  change  in  the  lift/drag  ratio  during  the  cruise.  The  diversion 

is  treated  in  a  similar  way  and  is  assigned  to  be  flown  at  the  best-range  speed.  The  holding  phase  is 

assumed  to  be  flown  at  the  minimum  drag  speed. 

2.6  Mass  breakdown 

The  airciaft  components  nay  be  divided  (see  Fig. 3)  into  the  payload-dependent  items,  such  as  fuselage, 
furnishings  and  crew,  which  do  not  vary  during  the  optimisation  and  the  items,  such  as  the  wing  and  tail 
structure,  the  engine,  the  systems  and  the  undercarriage,  which  are  dependent  on  the  design  variables. 

In  the  first  category  the  number  of  passengers,  together  with  the  chosen  seating,  galley  and  toilet 
standards,  is  used  to  define  the  fuselage  dimensions  and  mass.  The  mass  of  furnisning  and  operators  items 
is  calculated  from  the  number  of  passengers  and  a  fixed  design  parai*eter,  typically  55  kg  per  passenger. 

The  items  dependent  on  the  design  variables  need  to  be  considered  in  much  greater  detail.  The  mass 
estimation  must  b"  as  accurate  as  possible,  but  it  is  also  essential  when  an  optimisation  procedure  is 
being  used  that  the  partial  derivatives  of  the  various  component  masses  with  respect  to  each  design 

variable  should  reflect  the  true  situation  „s  accurately  as  possible.  The  equations  used  for  mass  estima¬ 

tion  in  the  design  synthesis  and  optimisation  program  are  therefore  considerably  more  complex  than  the 
simple  regression-analysis  formulae  commonly  used  in  initial-design  studies  and  are  based  or.  detailed 
analysis  of  the  factors  which  determine  the  mass  of  each  component.  The  wing-box  mass  for  example,  is 
given  by  the  sum  of  the  masses  of  the  wing  box  covers,  spar  webs,  ribs,  joints,  tip  and  undercarriage 
support  structure  and  the  masses  of  tnese  six  components  arc  calculated  independently  as  functions  of  the 
wing  box  chord,  the  wing  area,  aspect  ratio,  taper  ratio,  thickness,  sweepback,  design  load  factor  and 
eleven  empirical  coefficients. 

2.7  Noise  footprint 

Nowadays  the  noise  of  a  transport  aircraft  is  considered  to  be  one  of  its  most  important  design 
characteristics  so,  to  help  the  comparison  of  the  alternative  aircraft  designs  produced  by  the  design 
synthesis  and  optimisation,  the  program  calculates  for  each  design  the  shape  of  the  footprint  area  inside 
'he  noise  contour  associates  with  a  specified  noise  level.  In  this  calculation  it  is  assumed  that  the 
aircraft  flight  path  consists  of  a  straight  landing  approach  of  constant  gradient,  take-off  ground  run 
and  a  straight  climb  at  the  take-off  safety  speed  and  take-off  thrust  setting.  It  is  also  assumed  that 
the  engine  noise  may  be  represented  by  a  point  source  with  spherical  syimnetry  so  that  os  the-  aircraft  moves 
along  its  approach,  take-off  and  climb  p.'ths  the  instantaneously-spherical  noise  contours  sweep  out 
cylindrical  noice  contours  with  their  axes  along  the  flight  paths.  The  intersections  with  the  ground  of 
the  cylindrical  noise  contours  around  the  approach  ard  climb  oaths  are  elliptical  so  tne  noise  footprint 
area  within  a  specified  noise  contour  consists  of  two  semi-e 1 1 ipses  joined  by  a  rectangle  astride  the  take¬ 
off  gro'j  d  run,  as  illustrated  in  Fig. 4. 

The  radius  of  the  noise  contours  at  take-off  and  approach  is  calculated  from  data  on  the  variation  of 
the  noise  level  of  the  chosen  engine  type  with  distance  and  throttle  setting,  the  data  being  adjusted  to 
allow  foi  the  nisnb  r  of  engines  and  the  engine  thrust  on  the  aircraft  design  under  consideration. 

Although  this  method  takes  no  account  of  the  actual  asymmetry  of  the  engine  noise  source  or  of  ground 
attenuation,  it  does  provide  a  useful  guide  to  the  relative  noisiness  of  alternative  aircraft  designs, 
whether  this  noisiness  is  expressed  as  the  noise  levels  at  selected  measuring  points  or  as  the  length  or 
area  of  the  noise  footprint  within  a  chosen  noise  contour. 
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DE  iLOPMENT  OK  THE  PROGRAM 


In  this  section  some  of  the  experience  gained  daring  program  developnse  t  is  presented  and  discussed, 
in  general  it  was  found  that  the  initial  version1*1  of  the  program  needed  more  appropriate  equations  for 
estimating  the  aircraft  characteristic;1  as  functions  of  the  design  variables  and  more  detailed  and  accurate 
calculation  methods.  It  was  also  found  that  the  program  could  in  the  initial  stages  suffer  from  divergent 
design  iterations,  and  could  in  the  latter  stages  be  satisfied  wit'  a  local  rather  than  a  global  optimum. 

At  the  end  of  this  section  the  results  of  the  aircraft  design  optiraisaf’on  program  are  compared  with  the 
characteristics  of  a  tra.isport  aircraft. 

During  the  development  of  the  program,  it  was  discovered  that  many  of  the  design  relationships  used 
in  the  initial  version*"  were  unsuitab'e  for  an  aircraft  design  optimisation  program.  These  design  rela¬ 
tionships  were  the  simple  expressions  ujed  in  project  studies  for  estimating  purposes  in  situations  where 
the  principal  design  characteristics  of  the  aircraft  considered  are  fixed,  and  they  could  not  be  used  to 
provide  realistic  values  of  the  rates  of  change  of  masses,  performance,  etc.,  with  the  design  variables. 

As  an  example  of  this  problem,  it  is  interesting  to  consider  the  expretsion  used  in  the  initial  version*** 
for  the  mass  of  the  wing-box 
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The  use  of  this  equation  in  the  optimisation  program  gave  optimum  values  of  the  thickness/chord 
ratio  which  were  unrealistically  high,  and  it  was  realised  that  the  presence  of  the  thickness/chord  ratio 
in  the  denominator  of  the  wing-box  mass  equation  was  misleading.  Study1'-  of  more  accurate  equations  for 
the  masses  of  the  components  on  the  wing  box  showed  that  the  thickness/chord  ratio  appeared  in  the 
denominator  of  the  expression  for  cover  mass  but  appeared  in  the  numerator  of  the  expressions  for  the  masses 
of  the  spars  and  ribs.  The  use  of  these  more  accurate  equations  in  the  optimisation  program  ';ave  more 
reliable  values  of  the  derivative  of  wing-box  mass  with  respect  to  thickness/chord  ratio  and  more  realistic 
values  of  the  optimum  wing  thickness.  Another  exeraple  is  the  expression  used  in  the  initial  version1**  to 
estimate  the  mass  of  systems  and  equipment  as  a  fixed  fraction  of  the  take-off  mass.  Although  adequate 
for  project  estimation,  this  approximation  gives  an  uriduly-high  value  of  the  derivative  of  systems  mass 
with  respect  to  take-off  mass,  and  it  was  replaced  by  a  more  detailed  equation'-  which  relates  different 
parts  of  the  » "atlas  mass  to  the  site  of  the  payload,  high-lift  devices,  empennage,  wing  span  and  take-off 
mass. 


In  other  areas  of  the  program  it  was  found  that  mere  dfitailed  calcu’ation  methods  were  required*  For 
example,  the  stage  fuel  required  was  initially  estimated  using  the  Braguet  equation  and  the  fuel  reserves 
and  allowances  were  neglected.  However,  when  the  program  was  used  to  study  short-range  aircraft,  it  was 
necessary  to  include  a  method2-  of  estimating  the  range  lost  during  climb  and  descent  and  a  method  of 
estimating  the  fuel  reserves  and  allowances,  not  only  be.ause  they  constitute  a  significant  proportion  of 
the  total  fuel  load  of  sucK  aircraft  but  also  because  they  atfect  the  landing  weight  and  hence  the  design 
of  the  wing  and  high-lift  devices.  The  introduction  of  these  methods  allowed  a  more  accurate  assessment 
of  different  aircraft  designs  for  short  ranges.  Z.iother  example  concerns  the  tail  arm,  which  was  assumed 
in  the  initial  version1**  to  be  a  fixed  proportion  of  thj  fuselage  length.  It  war  realised  that  this 
assumption  understated  the  penalty  associated  with  increasing  the  size  of  rear-meuntod  engines,  as  this 
moved  the  centre  of  gravity  aft  and  requited  larger  fin  and  tailplsne  areas  to  maintain  the  same  stabi  ity, 
and  a  balance  equation  was  included12  in  the  piogram  to  calculate,  the  tail  arm  as  a  function  of  the  centre 
of  gravity  position,  which  depends  on  the  masses  of  the  various  components  of  the  aircraft. 

Some  other  imperfections  in  the  progr.ri,  however,  could  not  so  easily  be  coirected.  It  was  found 
that  first  guesses  for  the  values  of  the  design  variables,  which  must  be  included  in  tec  computer  input 
data,  must  not  be  too  far  from  the  c.rrect  values  otherwise  the  program  is  incapable,  because  cf  divergent 
Jesign  iterations,  of  designing  an  aircraft  to  fulfil  the  specified  mission  requirements.  This  breakdown 
of  the  program  can  generally  be  avoided  by  some  simple  project  design  calculations  to  guide  the  selection 
of  the  first-guess  design  variables. 

Another  problem,  inherent  in  optimisation  programs,  is  the  danger  of  the  program  selecting  a  loctl 
rather  than  a  global  op:inum.  This  error  is  comparable  to  that  cf  a  mountaineer  who  sets  out  to  climb  a 
mountain  by  following  the  steepest  upward  path,  reaches  the  top  of  one  of  the  foothills,  and  believes, 
because  the  ground  slopes  downwards  In  every  direction  from  the  hilltop,  that  he  has  reached  the  mountain 
peak.  The  optimisation  program  similarly  plods  'upwards'  in  multidimensional  space,  continuously  improving 
the  value  of  the  optimisation  function  uncil  no  further  improvement  seems  possible  but  unable  to  lift  its 
eyes  to  the  higher  peaks  in  the  distance.  In  some  cases22  it  is  possible  to  establish  the  existence  of  a 
unique  global  optimisa,  or  to  divide  the  constrained  region  into  a  finite  number  of  sub-regions  each  having 
a  single  local  optimut1  which  can  be  located  and  compared  with  the  other  local  optima  to  find  which  of  them 
is  the  global  optimum.  In  most  practical  cases,  however,  the  only  procedure  available  is  to  repeat  the 
optimisation  several  times  starting  from  several  different  first  guesses;  this  procedure  is  similar  to 
making  the  foolish  mountaineer  start  from  different  points  around  the  foot  of  the  mountains .  Another 
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technique,  which  may  be  used  when  the  optimum  value  chosen  for  one  of  the  design  variables  is  particularly 
unexpected,  is  to  fix  the  value  of  the  suspicious  variable  at  several  points  throughout  its  acceptable 
range,  use  the  optim'sation  program  to  find  the  best  design  associated  with  each  of  these  points  and  compare 
the  different  va’ues  of  the  optimisation  function  attained.  This  comparison  should  indicate  whether  the 
unexpected  value  ot  the  design  variable  represents  a  local  or  a  global  optimum. 

Local  optima  are  more  likely  to  occur  as 

(1)  the  disign  relationships  are  made  more  detailed  and  nonlinear,  because  this  makes  the  mountain 
contours  more  irregular 

(2)  the  number  and  complexity  of  the  constraints  is  increased;  constraints  may  be  visualised  as 
fences  crossing  the  mo'intain,  one  or  more  of  which  may  prevent  the  mountaineer  from  reaching  the 
peak,  and,  if  there  are  too  many  fences,  the  mountaineer  may  be  guided  into  a  cul-de-sac  on  the 
lower  slopes 

(3)  the  nunber  of  design  variables  is  increased,  because  this  aggravates  the  problems  associated 
with  the  design  relationships  and  constraints. 

They  are  less  likely  to  occur  if  the  program  uses  a  small  number  of  design  variables,  simple  design 
relationships  and  a  few  simple  constraints,  or  if  one  of  the  constraints  is  severe  enough  to  confine  the 
program  to  the  steeper  lower  slopes  of  the  mountain,  where  even  complex  design  relationships  only  vary  the 
steepness  of  the  slope  rather  than  producing  hillocks.  Contrary  to  the  more  gloomy  forecasts,  experience 
with  the  HAS  program  for  optimising  the  das  gn  of  transport  aircraft  h3s  suggested  that  local  optima  are 
comparatively  rare  in  this  type  of  design  problem,  but  the  possibility  of  their  occurrence  must  be  kept 
firmly  in  mine  when  considering  the  results. 

When  these  improvement.;  had  been  made,  as  repotted  in  Refs.  12  and  24,  the  prograr  i as  tested  by 
comparing  the  result?  ot  its  calculation  wJth  the  design  characteristics  of  actual  tran  port  aircraft.  In 
the  first  stage  the  values  of  the  c-sip?i  variables 

wing  area 

wing  sweepback 

wing  thickness/chord  ratio 

wing  aspect  ratio 

wing  caper  ratio 

engine  mass 

chord  and  span  of  the  flap 
cho'd  oc  ful’-span  slat 
fiap  defections  on  take-off  anr  landing 
sla'  deflections  on  take-off  and  landing 

cruising  speed 
cruising  altitude 

anc  of  che  mission  specification  and  constraints 

mnber  of  passengers 
mass  oc  baggage  and  freight 
furnishing  and  galley  standards 
ra.ige  with  full  payload 
diversion  distance  and  holding  time 

maximum  take-off  and  la.  distances 

mi  nmum  cruise  speed  an  tude 

were  obtained  from  publish? *  data  on  several  transport  aircrafr.  The  mass  breakdown  and  performance  of 
each  aircraft  were  calculated  i.~m  appropriate  set  of  design  variables  using  the  design  relationships 
in  the  program  and  the  results  comoaud  with  t!  'ctual  mass  breakdown  and  perf,  rmance  of  the  aircraft, 
fhe  optimum  values  of  'he  design  variables,  pi  Iqg  'he  aircraft  with  the  minimum  direct  operating  cost  for 
the  specified  mission,  were  the;,  determined  -jf*i  g  -  design  synthesis  and  optimisation  program.  Table  I 
preser.es,  as  an  example,  the  actual  characteristics  ci  a  short-range  tvin-jet  passenger  transport  aircraft, 
the  mass  breakdown  and  performance  of  this  design  calculated  using  the  program's  design  relationships,  and 
the  characteristics  of  the  optimiss  aircraft  for  the  specified  mission. 

Comparison  of  columns  one  and  c  o  shows  the  accuracy  of  the  design  relationships  in  calculating  the 
performance  of  engines,  high-1 i ft  devices,  etc.,  a°d  the  mass  breakdown  of  the  aircraft.  Comparison  of 
columns  out  and  three  shows  that  the  design  characteristic*-  of  the  optimised  aircraft  are  very  close  to 
those  selected  for  an  aircraft  designed  for  the  same  mission.  It  is  possible  that  the  choice,  in  column 
three,  of  a  coaparatively-low  wing  sweepfcack  represents  a  flaw  in  the  design  relationship  in  the  program, 
but  it  is  equally  possille  that  the  aircraft  designer  consciously  (and  prudently)  chose  a  wing  which  was 
sligntly  larger,  thicker  and  sure-Mgnly  swept  than  che  optimum  in  ordeT  to  obtain,  at  a  negligible 
economic  penalty,  greater  3ssurar.ee  of  buffet-free  flow  and  more  fuel  capacity  than  specified.  Such 
conqjariscr.s  wi*h  real  airciat;  have  inspired  confidence  that  the  design  relationships  and  design  parameter!1 
in  the  transport  aircraft  design  syntnesis  and  optimisation  program  are  reasonably  accurate.  The  program 
i-as  therefore  been  useo  for  se  .-era!  research  investigations,  such  as  those  discussed  in  the  following 
section  4. 
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4.  APPLICATIONS  of  the  program 

4.1  Introduction 

To  demonstrate  the  value  of  the  HAE  computer  program  for  aircraft  design  synthesis  and  optimisation, 
the  following  four  sections  describe  some  examples  of  the  use  of  the  program  to  study  the  effect  on  the 
optimum  design  and  performance  o£  a  short-range  swept-wing  jet  transport  aircraft  of 

(1)  changing  a  design  constraint  (viz.  field  lengtn) 

(2)  using  advanced  technology  (viz.  advanced  aerofoil  section  with  supercritical  flow) 

(3)  using  a  compound  optimisation  function  (ytz.  DOC  +  noise) 

(4)  using  an  alternative  optimisation  function  (viz.  fuel  consumed). 

These  examples  have  been  drawn  from  the  results  of  recent  studies  st  RAE.  Within  each  of  the  following 
four  sections,  the  aircraft  compared  have  been  designed  to  satisfy  exactly  t  chosen  set  of  mission  require¬ 
ments  and  constraints;  these  sees  are  however  different  in  different  sections. 

4.2  Effect  of  changing  field  length 

As  part  of  an  assessment  of  future  CTOL,  RTOL  and  STOL  projects  in  early  1972,  the  RAE  program  was 
used to  study  the  effect  on  the  optima#  design  of  a  future  short-range  !80-seaC  aircraft  of  changes  in 
one  of  the  design  constraints,  iriz.  the  field  length  for  tnl’i-off  and  landing.  The  principal  design 
characteristics  of  four  aircraft  optimised  to  have  the  minimus  direct  operating  coet  with  different  field 
length  constraints  are  presented  in  Table  2. 

In  studying  Table  2,  it  should  be  noted  that  the  wl»,t  sweep  angle  was  limited  in  this  study  to 
values  above  20°  because  of  insufficient  data  below  this  value  to  substantiate  the  design  equations; 
similarly  the  aspect  ratio  was  limited  to  values  below  9.5. 

This  table  shows  that  reducing  the  allowable  landing  field  length  produces  both  an  increese  in  the 
optimum  approach  lift  coefficient  and  a  decrease  in  the  wing  loading.  The  lower  wing  loading  gives  a 
larger  wing  mass  fraction  and  a  smaller  lift/drag  ratio  in  cruise,  which  in  turn  gives  a  larger  cruise  fuel 
fraction.  At  field  lengths  below  150G  o,  the  reduction  of  the  cruise  Cj_  ,  at  constant  cruise  Mach  nisnber 
and  wing  swcopback,  is  associated  with  an  increase  in  the  allowable  wing  thickness/chord  ratio.  Despite 
the  reduction  in  the  allowable  take-off  field  length,  the  static  thrust/weight  ratio  remains  almost  constant 
as  a  result  of  a  complex  balance  involving  the  take-off  speed  and  lift/drag  ratio  ap.d  the  thrust  lapse  rate 
with  forward  speed.  The  reduction  in  field  length  is  also  associated  with  an  increase  in  the  gust  load 
factor,  implying  a  noticeable  worsening  in  the  ride  comfort  for  passengers. 

In  about  10  liours  of  computing  time  (on  a  ICL  1907  coaputer),  the  RAE  initial-design  and  optimisation 
program  produced,  using  consistent  technological  standards  and  estimation  methods,  more  than  20  aircraft 
designs,  each  fully-optimised  to  satisfy  exactly  the  specified  mission  requirements  and  constraints.  The 
output  data  from  each  design  included  the  optin'®  values  of  che  design  variables,  the  dimensions,  area  and 
masses  of  the  principal  aircraft  components,  aerodynamic  performance  data  for  different  phases  of  the  flight 
and  an  estimate  of  the  direct  operating  cost.  This  example  illustrates  the  utility  of  the  program  in 
providing  rapidly  a  large  number  of  consistent  designs  to  answer  questions  on  the  effect  cf  capacity,  cruise 
performance,  field  length,  etc-  on  the  optimum  design  and  performance  of  a  transport  aircraft. 

4.3  Effect  of  advanced  aerofoil  section  design 

14 

The  RAE  program  was  recently  used  to  assess  the  effects  on  the  design  of  a  short-range  swept-wing 
jet  transport  aircraft  of 

-  advances  in  the  design  of  aerofoil  sec. ion*  for  high  subsonic  speeds 

-  improvements  in  powerplant  performance 

-  the  use  of  new  materials  in  the  wing-box  construction 

-  weight  savings  in  the  fuselage,  furnishings,  empann  ge,  systems  and  equipment. 

The  levels  of  improvement  assumed  in  each  of  these  areas  were  chosen  to  represent  what  might  be 
achieved  in  a  next-generation  design,  provided  that  research  and  development  i-.  these  areas  continues  tI 
meets  with  che  degree  of  success  currently  being  predicted. 

As  an  example  of  the  use  cf  the  RAE  program  to  ass  sc  the  effects  of  advanced  technology.  Table  3 
presents  the  leading  characteristics  of  two  aircraft,  both  of  which  were  optimised  to  have  the  miniensa 
possible  value  of  direct  operating  cost.  The  datum  aircraft  was  designed  using  current  technology  and  the 
advanced  aircraft  was  designed  after  introducing  into  the  input  data  the  assumed  parameters  for  an  advanced 
aerofoil  section  design.  The  aircraft  were  required  to  cruise  at  a  speed  *  940  km/h  at  an  altitude  >9140  a: 
both  the  designs  chose  optimum  valuss  of  speed  and  height  equal  to  these  lower  limits. 

The  advance  in  aerofoil  section  design  could  have  been  used  to  increase  the  cruise  Mach  number,  or  to 
reduce  the  wing  sweepback,  or  to  increase  the  thickness/chorc  ratio,  or  to  increase  the  cruise  lift 
coefficient.  However,  the  optimisation  piogram  decided  that  it  would  be  best  to  ure  it  to  combine  a 
moderate  reduction  in  sweepback  with  a  moderate  increase  in  thicknejs/chord  ratio.  These  changes  produce  a 
higher  wing  loading  and  improved  v.-iues  ot  the  liftjdrsg  ratio  in  cruise  and  at  take-off,  thereby  reducing 
the  fuel  required  for  cruise  and  the  required  static  thrust /weight  ratio  respectively.  These  is^>.’ovenent* , 
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together  with  the  decrease  in  the  wing  Bass  arising  from  the  higher  wing  loading  combine  to  give 
significant  reductions  in  the  take-off  mass,  the  noise  footprint  area  and  the  direct  operating  cost. 

This  example  illustrates  how  the  RA£  program  can  be  used  to  assess  the  full  benefits  which  can  be 
obtained  from  an  advanced  in  technology.  The  benefits  obtained  by  a  complete  reoptimisation  of  the  aircraft 
design  are  nruch  greater  than  those  obtained  by  using  the  advance  to  alter  just  one  or  two  of  the  aircraft 
design  characteristics. 

4.4  Airframe  design  to  reduce  noise  footprint  area 

The  responsibility  for  making  aircraft  quieter  does  not  fall  on  the  aeroengine  designer  alone.  The 
airframe  designer  can  also  make  a  significant  contribution  by  biasing  his  design  towards  lower  thrust 
requirements,  so  that  less  noise  is  generated,  and/or  steeper  clinfc  and  approach  paths,  so  that  the  source 
o  noise  is  farther  rrom  populated  areas.  Various  ways  of  achieving  these  aims  have  be"i  identified,  but 
it  is  important  to  discover  how  they  may  be  achieved  at  minimum  economic  penalty.  The  RAE  program  provide* 
a  quick  method  of  finding  wMch  of  the  design  variables  of  an  aircraft  designed  for  minimum  direct  operating 
cost  should  be  altered  to  reduce  its  noise  at  tne  smallest  increase  in  cost. 

15  .  .  .  . 

In  a  recent  study  ,  the  design  of  a  short-range  swept-wiisg  jet  transport  aircraft  was  optimised  to 

give  the  minimum  value  of 

direct  operating  cost  ♦  (coefficient  *  noise  footprint  area) 

and  the  optimisation  was  repeated  several  times  for  different  values  of  the  coefficient,  which  can  be 
regarded  as  a  noise  cost  with  units  of  i/km^.  Table  4  compares  two  aircraft  with  different  values  of  this 
coefficient. 

This  table  shows  that  the  aircraft  designed  for  a  smeller  noise  footprint  has  lower  wing  loading, 
higher  aspect  ratio  and  smaller  flap  deflections  on  take-off  and  landing.  Ihese  changes  improve  the  take¬ 
off  lift/drag  ratio  sc  that  the  climb  gradient  is  increased,  despite  a  virtually-constant  static  thrust/ 

weight  ratio;  they  also  inprove  the  lift/drag  ratio  in  the  approach  and  this  combines  with  the  steeper 
approach  angle  chosen  to  reduce  the  thrust  required  during  the  approach.  In  the  calculation  the  approach 

throttle  setting  was  constrained  tc  be  greater  than  132,  as  it  was  believed  that  at  louer  values  the  engine 

response  in  the  case  of  a  baulked  approach  would  be  unsatisfactory.  The  results  suggests  that  a  signifi¬ 
cant  noise  reduction  (20Z  smaller  footprint  area  is  equivalent  to  about  2  PNdB  quieter  engine)  can  be 
obtained  for  a  modest  economic  penalty  by  reoptimising  the  airframe  design  to  reduce  the  noise  footprint. 

The  scope  for  noise  reduction  by  this  means  is  limited,  "out  a  bler.d  of  airframe  design  and  engine  silencing 
may  be  a  more  cost-effective  way  of  achieving  a  given  noise  reduction  than  relying  on  silencing  alone. 

This  study  provides  a  simple  example  of  the  use  of  compound  optimisation  functions ,  i.e.  functions 
which  combine  two  or  more  of  the  aircraft  characteristics,  to  improve  the  aircraft  performance  in  one 
respect  without  greatly  degrading  it  in  another.  For  Coitosercial  transport  aircraft  this  technique  may  be 
used  to  improve,  for  example,  passenger  comfort,  atretch  potential  or  operational  flexibility  at  minimum 
economic  penalty  by  a  set  of  interrelated  small  changes  to  the  design  variables.  For  military  aircraft, 
compound  optimisation  functions  including  several  aspects  of  mission  performance  and  base  and  flight-line 
maintenance  might  be  appropriate,  provided  that  the  benefits  and  penalties  of  each  of  these  aspects  can  be 
quantified  (see  section  5.3). 

4.5  Aircraft  designed  for  minimcca  fuel  consumption 

As  an  example  of  the  use  of  alternative  optimisation  function.  Table  5  presents  the  principal  design 
characteristics  of  two  aircraft,  one  of  which  was  optimised  to  give  the  minimum  direct  operating  cost  while 
the  other  was  optimised  to  consume  the  minimum  fuel.  These  results  were  taken  from  a  study ^  of  the  effect 
of  rising  fuel  prices  on  the  design  and  performance  of  subsonic  and  superaonic  aircraft. 

The  table  shows  that  the  aircraft  designed  for  minimum  tuel  consvraption  has  thinner  wir.g  with  more 
sweepback  to  reduce  the  compressibility  drag,  and  a  higher  aspect  ratio  and  lower  wing  loading  to  give  an 
improved  lift/drag  ratio  at  a  higher  cruise  altitude.  The-  large  increase  in  wing  weight  is  partially 
offset  by  a  decrease  in  the  stage  fuel  and  allowances.  As  a  result  of  the  reoptimisation,  the  fuel 
consumed  is  reduced  by  8|Z  at  the  cost  of  a  6JZ  rise  in  direct  operating  cost.  It  should  be  noted  however 
that  the  use  °  of  a  compound  optimisation  function  in  the  lorm 

direct  operating  cost  ♦  (coefficient  *  fuel  consumed) 

indicated  how  smaller  fuel  savings  could  be  achieved  much  more  economically  than  is  implied  by  the  quoted 
figures. 

5.  PROGRESS  TOWARDS  A  PROGRAM  FOR  MILITARY  AIRCRAFT  D~SICN  SYKTHESIS  AND  OPTIMISATION 
5.  1  Cer.eral  considerations 

The  success  achieved  with  the  design  optimisation  program  for  transport  aircraft  has  provided 
sufficient  incentive  to  embark  on  the  development  of  an  optimisation  program  for  military  aircraft.  Certain 
sections  of  the  transport  aircraft  program,  for  example  the  optimisation  segment,  can  be  applied  directly 
to  3  military  version.  However,  the  wider  flight  envelope  of  military  aircraft  poses  difficulties  in 
defining  the  aerodynamic  performance  throughout  this  envelope,  as  a  function  of  the  aircraft  geometry,  with 
sufficient  confidence  and  accuracy.  The  lack  of  an  agreed  optimisation  function  for  military  aircraft 
presents  a  further  problem  which  is  discussed  in  section  5.3. 

Initial  development  of  the  program  will  be  concentrated  on  the  problem  of  optimising  design  variables, 
related  directly  to  the  geometric  and  engineering  features  of  the  aircraft,  for  given  performance  and 
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mission  requirements.  Subsequent  expansion  of  the  program  will  allow  the  inclusion  of  further  design 
variables  related  to  the  mission,  payload  and  performance  and  will  therefore  permit  the  aircraft  cost/ 
effectiveness  to  be  minimised. 

5.2  The  design  synthesis  method 

The  RAE  design  synthesis  method  for  military  aircraft;  which  is  currently  used  in  its  own  right  as 
an  independent  computer  program  for  completing  parametric  studies,  will  be  integrated  with  the  existing 
optimisation  segment-'*  to  .orm  a  new  program. 

The  synthesis  process  consists  of  a  method  of  estimating,  as  a  function  of  the  principal  design 
va-»ables,  the  mass  and  size  of  an  aircraft  capable  of  completing  a  prescribed  mission.  Initial  work  with 
the  program  will  be  concerned  with  defining  optimum  wing  geometries  for  a  variety  of  aircraft  roles, 
consequently  the  design  variables  describe  the  wing  geometry  in  greater  detail  compared  with  other  parts 
of  the  aircraft.  The  current  list  of  design  variables  is: 

wing  loading 

ti.rust/weight  ratio 

wing  sweep 

wing  aspect  ratio 

win  ,  taper  ratio 

wing  thickness/chord  ratio. 

This  list  of  design  variables,  directly  related  to  the  aircraft,  will  be  expanded  at  a  later  stage  to 
include  these  associated  with  the  engine  and  high-lift  devices. 

In  the  initial  optimisation  studies  the  aircraft  will  be  designed  to  achieve  specified  minimum  levels 
of  the  following  performances: 

take-off  distance 
lancing  distance 

normal  acceleration  in  sustained  turn 
normal  acceleration  in  instantaneous  turn 
specific  excess  power 
dash  Mach  number 
low-level  gust  response. 

The  synthesis  scheme  provides  the  choice  of  basic  aircraft  layout, together  with  a  corresponding 
fuselage  packaBing  scheme.  The  forms  of  the  design  equations  vary  with  the  chosen  layout  and,  because  the 
fuselage  is  closely  integrated,  they  also  vary  with  the  packaging  scheme  which  defines  the  type  and 
location  of  the  engines,  the  type  of  cockpit,  the  undercarriage  configuration,  the  distribution  of  fuel, 
the  avionics  fit  etc.  The  fuselage  is  divided  into  a  number  of  functional  bays  with  corresponding  lengths 
and  gross  surface  areas.  The  lengths  and  gross  Surface  areas  of  the  nose  3nd  cockpit  are  assumed  invariant 
with  aircraft  siie  whereas  the  lift  engine  bay,  fuel  bay  and  propulsion  engine  bay  are  fractions  of  the 
design  variables.  For  example,  the  size  of  the  fuel  bay  is  dependent  on  the  quantity  of  fuel  that  can  be 
carried  in  the  wi  ig  and  becomes  a  function  of  ti.e  wing  geometry  as  well  as  tne  thrust/weight  ratio  which 
defines  the  fusel «ge  cross-secc'on. 

An  equation  for  the  mass  of  the  fuselage  structure  as  a  function  of  the  gross  surface  area,  taking 
into  account  the  engine  intakes,  ca.n  then  be  obtained  in  terms  of  the  design  variables  and  the  fuel 
available.  The  take-off  mass  of  the  aircraft  is  written  as  the.  sum  of  the  component  masses,  in  a  similar 
fashion  to  tfte  transport  program,  and  the  resulting  equation  solved  to  obtain  the  fuel  available  for  the 
given  set  of  design  variables  at  c  trial  take-off  mass.  The  geometry  of  “he  aircraft  can  then  be  specified 
from  which  the  drag  is  calculated,  toge'-Vr  with  other  aerodynamic  and  engine  properties  required  for  the 
mission.  The  drag  of  a  variety  of  external  stores  is  available  within  the  program  together  with  inter- 
feren.e  factors  depending  on  the  prcoosed  installation. 

A  simplified  form  of  the  RAE  mission  nalysis  program'*  is  included  as  a  subroutine  to  determine  the 
total  fuel  required  for  the  specified  mission,  which  can  consist  of  up  to  10  legs  including  search  and 
combat  phases  together  with  store-drcpping  sequences.  The  take-off  mass  is  changed  by  an  iteration 
procedure  and  the  complete  design  process  and  mission  calculations  repeated  until  a  ’solution’  aircraft  is 
found  such  that  tne  fuel  capacity  available  is  just  sufficient  for  the  fuel  required  for  the  mission. 

Experience  with  the  transport  aircraft  optimisation  program  has  shown  that  a  number  of  the  procedures 
currently  used  in  the  military  design  synthesis  process  will  be  unsuitable  when  used  in  conjunction  with  an 
optimisation  procedure.  This  arises  particularly  in  the  equations  used  to  determine  the  component  masses. 

It  ■"  i  essential  that  each  equation  should  be  derived  from  a  realistic  physical  model  describing  the  variation 
of  a  component  mass  with  the  design  variables,  rather  chan  derived  from  a  statistical  correlation  of  existing 
data  in  terms  of  a  convenient  but  unrealistic  variable. 

The  e-stiaation  of  the  aerodynamic  characteristics  required  for  calculation  of  the  drag  within  the 
synthesis  process  and  for  later  calculation  of  the  performance  of  the  ’solution'  aircraft  presents  some 
special  problems.  At  present,  many  of  the  dependent  variables  such  as  lift-dependent  drag  factors,  lift 
curve  slope,  arc  calculated  with  separate  commuter  programs  outside  the  synthesis  scheme  and  inserted  as 
data  together  with  the  design  variables.  Many  of  these  cocf>uter  programs  are  not  entirely  suitable  for 
inc’usion  within  an  optimisation  program  because  of  either  the  large  storage  requirements,  the  large 
computing  ticc  or  the  fact  that  the  methods  are  not  based  on  sound  physical  principles;  therefore,  Bore 
realistic  and  efficient  methods  have  to  be  formulated. 

Although  a  number  of  these  calculations  arc  similar  to  the  methods  employed  in  the  transport  program, 
others  are  beyond  the  scope  of  recognized  project  estimation  procedures  because  the  military  aircraft  has  to 
operate  over  a  large  range  of  speed  and  incidence  compared  with  a  transport  aircraft.  For  example,  the 
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manoeuvre  performance  of  an  air-superiority  fighter  is  of  paramount  importance  and  woui  represent  a 
flight  condition  towards  which  the  wing  design  would  be  biased  in  an  attempt  to  achieve  the  maximum 
passible  lift  and  good  buffet  penetration  without  adverse  handling  qualities.  This  part  of  the  fligh’ 
envelope  is  characterised  by  the  appearance  of  strong  shock  waves  and  large  flow  separations  such  th  ...  the 
classical-flow  methods  which  can  be  used  to  estimate  the  lift,  the  drag  or  the  life-curve  slope  of  high- 
aspect-ratio  swept  wings  near  the  design  condition  are  no  longer  applicable.  The  design  of  wings  for 
operation  under  these  conditions  is  complicated  by  the  presence  of  external  stores,  the  large  fuselage 
interactions,  the  lew  aspect  ratios  usually  employed  and  the  presence  of  high-lift  devices  if  these  are 
considered  for  high  speed  manoeuvring. 

Calculation  of  the  aircraft  performances  is  relatively  straightforward  provided  the  aerodynamic 
characteristics  can  be  defined  with  sufficient  accuracy.  Hcrwever,  the  methods  available  for  calculating  the 
take-off  and  landing  distances  of  military  aircraft  are  generally  less  accurate  than  for  transport  aircraft. 
This  is  principally  due  to  the  longer  airborne  distances  involved,  the  absence  of  regulations  defining 
pilot  techniqu.  s  and  the  special  problems  associated  with  V/STOL. 

Fig. 5  shows  an  example  of  some  typical  results  from  the  design  synthesis  scheme  used  to  illustrate 
the  increase  in  aircraft  mast  as  a  result  of  increased  performance  and  mission  requirements.  The  design 
synthesis  method  represents  a  first  essential  part  of  an  optimisation  program  and  its  satisfactory  operation, 
h>  comparison  with  results  from  more  detailed  design  studies,  has  provided  confidence  in  the  techniques 
adopted,  rfer'ever,  as  indicated  in  the  earlier  discussion,  these  techniques  will  be  refined  after  initial 
experience  with  the  optimisation  procedures. 

5.3  Optimisation  Junctions 

Initial  studies  with  the  military  optimisation  program  will  use  the  take-off  mass  as  the  optimisation 
function  principally  because  it  is  simple  and,  for  aircraft  with  similar  levels  of  technology,  provides  an 
indication  of  the  relative  manufacturing  costs  of  different  aircraft  designs.  At  a  later  stage  a  better 
approximation  to  the  manufacturing  cost  will  be  included  in  order  to  take  account  of  the  varying  cost/unit 
weight  of  the  component  parts,  in  a  similar  fashion  to  the  transport  program.  During  the  initial  stages  of 
a  project  the  manufacturing  end  deve l-.piKnt  costs  would  be  of  major  concern  but  the  total  life-cycle  costs 
are  also  important  and  can  be  expressed  as  the  sum  of: 


research  and  development 


-  independent  of  number  of  aircraft 


manufacturing 
fuel  and  weapons 
spares  and  servicing 

pi  Iocs  and  eound  c-ew,  including  training 
ground  support  equipment,  rev  bases  etc. 


-  dependent  on  number  of  aircraft 


The  cost-dependent  optimi.s  • -ion  functions  that  could  be  used  are  therefore: 


take-off  mass 
manufacturing  cost 

manufacturing,  research  and  development  costs 
total  lift-cycle  costs. 


Those  functions  should  prove  satisfactory  for  investigations  in  which  the  performance  and  mission 
requirements  have  already  been  specified  so  that  the  capability,  which  depends  on  the  aircraft  performance, 
and  hence  the  effectiveness,  which  depends  on  the  operational  environment  of  the  aircraft  as  well  as  its 
performance,  remain  essentially  constant  for  each  of  the  diffetent  aircraft  produced  during  the  optimisa¬ 
tion  process.  If  the  aircraft  capability  varies  significantly,  particularly  when  the  mission  and 
performance  reouireoents  are  not  precisely  defined,  then  the  optimisation  functions  based  on  cost  are 
inadequate.  A  „implifiea  measure  of  the  relative  capabilities  of  different  aircraft  can  be  obtained  by 
applying  a  'figure  of  meric’  to  selected  mission  3nd  performance  parameters,  e.g.  range,  payload,  sustained 
turn  rate,  specific  excess  power,  in  relation  to  a  predetermined  seal-.  These  figures  of  merit  can  then 
be  summed,  after  applying  weighting  factors  to  distinguish  those  parameters  of  greater  importance  for  the 
aircraft  role  considered,  and  the  final  figure  used  as  an  indication  of  the  capability  of  tha  aircraft. 

The  optimisation  function  would  then  become  the  cost/capability.  This  method  is  still  inadequate  in  that 
it  cannot  represent  the  performance  and  mission  parameters  in  the  correct  relation  to  provide  a  measure  of 
the  effectiveness.  Therefore,  a  more  detailed  investigation  of  the  operational  aspects  involved  in  defining 
an  aircraft  effectiveness  is  justified. 

Ac  an  example  of  the  parameters  involved  and  the  way  in  which  they  can  be  related  to  the  character¬ 
istics  of  a  particular  aircraft,  consider  the  war-time  effectiveness  of  a  battlefield  support  aircraft. 

The  etfectiveness  can  be  judged  by  the  total  number  of  targets,  S  ,  hit  during  a  given  period  of  time.  A 
simplified  expression  for  the  target  h.ts  during  a  period  of  d  days  with  a  fleet  of  n  aircraft  and  a 
percentage  attrition  of  A  pes  sortie,  can  be  obtained  as 


,  ,  (s*d)-l  , 

('  "  4)  l  ('  "  Jo/  * 

r=0 


on  the  assumption  that  the  attrition  for  an  aircraft  on  the  ou-bound  and  return  journeys  is  the  same, 

where  a  is  the  number  of  attacks  per  aircraft  per  sortie 
s  is  the  number  of  sorties  per  day  per  aircraft  and 
p  i<  the  probability  of  a  hit  on  a  target. 
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These  parameter*  must  now  be  related  to  the  characteristics  of  a  particular  aircraft  and  ultimately  to 
the  design  variables. 

If  the  payload  is  considered  as  a  design  variable  and  if  only  targets  of  opportunity  are  considered, 
thi  nuaber  of  attacks  per  aircraft  per  sortie  varies  linearly  with  the  payload,  provided  the  range  and 
field  lengths  have  already  been  specified.  However,  it  can  only  take  integral  values  due  to  the  assumption 
of  a  fixed  number  of  weapons  being  required  for  each  attack.  If  the  range  and  field  lengths  are  also 
design  variables  then  the  program  Bust  find  the  optimum  combination  of  range,  payload  and  field  lengths. 

The  r.isabec  of  sorties  per  day  per  aircraft  is  a  function  of  the  duration  of  the  mission,  the  time 
for  refuelling  ard  re-arming,  the  tick;  associated  with  rectification  of  faults,  and  the  probability  of 
beirg  unab'e  to  m.tke  a  sortie  due  to  major  damage.  The  avionics  fi.  affects  whether  night  or  all-weather 
operations  are  por  ible  and  together  with  the  proposed  operating  environment,  determine  the  time  available 
per  day  for  sorties  The  reliability  of  the  aircraft  affects  the  time  required  to  rectify  faults  whereas 
the  probability  of  at  aircraft  requiring  repair  is  related  to  the  vulnerability  and  can  be  expressed  in  a 
sicq>lified  fora  as  a  Proportion  of  the  attrition. 

The  probability  if  a  hit  on  a  target  is  a  function  of  the  number  of  weapons  used  per  attack,  the 
accuracy  of  the  nav/attack  systems  and  the  manoeuvre  capability  of  the  aircraft  during  target  tracking. 

For  the  majority  of  studies  the  first  two  factors  would  be  fixed  and  a  suitable  method  for  estimating  the 
manoeuvre  capability  must  be  formulated  in  terms  of  the  aircraft  performances. 

The  attrition  rate  is  a  major  parameter  influencing  the  effectiveness  and  can  be  divided  into 
attrition  from  ground  defences  and  air-co-sir  attrition.  For  a  low-level  aircraft  the  ground  attrition 
is  related  to  its  'detectability’  and  its  speed  and  lew  altitude  capability  in  order  to  avoid  ground 
defences.  The  latter  capability  is  enhanced  if  terrain  following  or  terrain  avoidance  equipment  is  fitted 
and  the  detectability  depends  on  the  aircraft  size,  shape,  infra-re'  emission,  *'c.  Similar  features  also 
affect  the  chances  of  detection  by  enemy  air-supei iority  fighters  but  the  air-to-air  attrition  is  further 
influenced  by  the  cocbat  capability  of  the  aircraft  and  the  option  of  increasing  this  capability  on  an 
outbound  journey  by  dropping  the  stores.  In  a  similar  manner  to  the  manoeuvre  cap  bility,  the  combat 
capability  must  be  formulated  in  terms  of  the  relevant  aircraft  performances,  e.g.  sustained  and 
instantaneous  turn  rates  and  specific  excess  power.  The  way  in  which  these  performances  should  be  formu¬ 
lated,  together  with  measures  of  the  aircraft  flying  qualities  has  already  received  some  attention^. 

Further  aircraft  losses  occur,  in  addition  to  those  caused  by  direct  enemy  action,  if  the  base  is 
subject  to  attack  from  the  enemy,  in  which  case  It  is  necessary  to  estimate  the  probability  of  arriving  at 
a:t  alternative  airfield.  This  problem  has  been  invest igated^fe  as  part  of  a  model  for  evaluating  the 
differences  in  the  cost/effectiveness  between  V/STCL  and  CTC'L  combat  aircraft. 

The  preceding  discussion  has  giver,  a  brief  outline  of  some  of  the  problems  associated  with  the 
formulation  of  an  aircraft  effectiveness.  It  is  clear  that  a  great  deal  of  further  work  will  be  required, 
principally  on  operational  aspects  and  their  dependence  on  the  basic  characteristics  of  an  aircraft,  before 
i  reliable  measure  of  the  effectiveness  can  be  used  with  confidence  in  an  optimisation  program.  The  formu¬ 
lation  of  an  effectiveness  varies  considerably  for  different  aircraft  roles,  nevertheless  many  of  the 
constituent  parts,  such  as  combat  capability,  sortie  rates  ans  attrition  frees  ground  defences,  are  conoon 
to  different  aircraft  roles  and  therefore  provide  the  components  from  which  alternative  measures  of 
effectiveness  can  be  constructed. 

6.  CONCLUDING  REMARKS 

This  paper  descrioes  the  development  at  the  Toyal  Aircraft  Establishment,  Famborough  of  a  computer 
program  for  the  initial-des-’gr.  synthesis  and  optimisation  of  subsonic  svept-wing  jet  transport  aircraft. 

This  program  provides  a  ipaid  method  of  .inding  the  best  design  for  a  transport  aircraft  to  satisfy 
specified  mission  requirements  using  given  standards  of  technology.  The  aircraft  designs  obtained  using 
the  program  correspond  closely  with  those  of  real  aircraft  designed,  using  traditional  methods,  for  the 
same  performance  and  mission  specification.  The  program  has  al.etdy  been  used  to  study  the  effects  on 
the  optimum  ..ircrafi  desifc..  l-,rar;te.ris.£cs  „£  changes  in  field  length  requirements,  of  a  likely  increase 
in  the  price  of  fuel,  and  of  actual  or  anticipated  advances  in  aejodvnasic,  structural  or  engine  technology. 

The  program  is  being  continuously  improved  by  the  introduction  of  sore  accurate  design  relationships; 
it  is  planned  that  in  the  near  future  an  engine  design  method  will  be  incorporated  so  that  the  program  will 
be  able  t»  optimise  sinuitar  ously  both  the  engine  and  airframe  characteristics. 

The  success  of  the  transport  aircraft  program  has  provided  the  incentive  to  tmbaiK  on  the  development 
of  a  design  optimisation  program  for  military  aircraft,  using  the  same  numerical  optimisation  technique. 

The  satisfactory  operation  of  a  military  aircraft  design  synthesis  method  provides  the  basis  for  the 
military  optimisation  program  although  some  of  the  techniques  used  at  present  will  need  further  refinement. 
Also,  new  methods  for  calculating  aerodynamic  characteristics  over  the  large  range  of  flight  conditions 
encountered  by  a  military  aircraft  will  be  required  before  jeal  confidence  C3n  be  placed  or.  the  results 
from  an  optimisation  program. 

The  absence  of  a  defined  optimisation  function  for  military  aiicraft  presents  a  problem  for  later 
studies  in  which  it  is  outicip.tsd  that  the  mission  and  performance  parameters  will  be  optimised  to  achieve 
a  minimum  cost/cf fectivenesx.  Some  progress  has  already  been  made  towards  the  definition  of  an  aircraft 
effectiveness  but  a  great  ousl  of  further  work  is  required  principal!,  on  operational  aspects. 
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Table  1  -  Comparison  with  real  aircraft 


Aircraft  Calculated  Optimized 

A  mass  breakdown  aircraft  design 

Specification 


liuober/class  of  passengers 

100/ tourist 

100/tourist 

100/tourist 

Freight 

2280 

2280 

2280 

Range  with  full  payload 

km 

1800 

1800 

1800 

Design  variables 

Poverplant  mass 

3440 

3440 

3450 

Wing  area  (trapezoidal) 

ri¬ 

92.4 

92.4 

89.4 

Wing  speepback 

de  g 

20.0 

20. C 

14.9 

Wing  aspect  ratio 

8.79 

8.79 

8.89 

Wing  taper  ratio 

0.30 

0.30 

0.32 

Wing  thickness/chord 

7. 

11.0 

11.0 

9.9 

Flap  chord 

X 

30.0 

30.0 

28.3 

Flap  deflection  on  take-off  landing 

deg 

13/45 

13/45 

11/45 

Mass  breakdown 

Fuse  i  age 

kg 

5200 

5450 

5450 

Tail  unit 

kg 

1 100 

1010 

970 

Wings 

kg 

4580 

4350 

4510 

Powerplant 

kg 

3440 

3440 

3450 

Undercarriage 

kg 

1400 

1790 

1790 

Systems  and  avionics 

kg 

4400 

4620 

4550 

Furnishings  and  supplies 

kg 

4160 

3900 

3900 

Crew 

kg 

390 

450 

450 

Fuel 

kg 

9110 

9500 

9270 

Payload 

kg 

i  1 250 

11350 

1  1350 

TAKE-OFF  MASS 

kg 

45  200 

45900 

45700 

Performance 

Take-off  distance 

2  300 

2310 

2300 

Engine-  failed  climb  gradient 

0.024 

0.019 

0.C24 

Landing  distance 

m 

1500 

1490 

1500 

Cruise  speed 

kn/h 

650 

850 

850 

Cruise  altitude 

9140 

9140 

9140 

Table  2  -  Effect  of  field  length 


Take-off  anil  landing  field 

Trapezius  wing  area 
Aspect  ratio 
Swerpback 

Thickness /chord  ratio 
Fin  *  tailplane  area 

Static  thrust 

Static  thrust /wei ght  ratio 

Profile  dra£  coefficient 
Cruise  lift  coefficient 
Cruise  lift/drag  ratio 

Take-off  speed 
Take-off  lift  coefficient 
Take-off  lift/drag  ratio 
Approach  lift  coefficient 
Wing  loading 

Wing 

Fuselage 

fail 

Undercarriage 

Engine 

Systems  and  avionics 
Furnishings  and  supplies 
C;ew 

APS  mass 
Payload 

Stage  fuel  and  allowances 
Fuel  reserves 

Take-off  mass 
Gust  load  factor 
Relative  direct  operating 


n 

500 

1200 

1500 

1800 

■> 

256 

161 

124 

108 

9.42 

9.49 

9.50 

9.50 

deg 

20 

20 

20 

24 

Z 

14.  1 

12.8 

11.5 

12.3 

—2 

1 16 

52 

34 

28 

k.N 

2  '  164 

2  <  136 

2  r  130 

2  x  .25 

0.  348 

0.354 

0.362 

0.359 

0.0162 

0.0185 

0.0208 

0.0224 

0.  183 

0.278 

0.29! 

0.324 

9.7 

10.7 

11.4 

11.6 

a/s 

54 

62 

70 

76 

2.13 

2.08 

2.02 

1.91 

8.8 

8.9 

9.0 

9.3 

A 

2. 34 

2.19 

2.13 

2.05 

kg/m* 

376 

487 

393 

660 

kg 

16620 

10020 

7830 

6660 

sg 

i  1800 

1 1300 

11 800 

1I80C 

kg 

6010 

;->!Q 

1390 

1070 

kg 

34bO 

2820 

2640 

2550 

kg 

11170 

9250 

8840 

8490 

kg 

S940 

7140 

6620 

6410 

kg 

7740 

77-cO 

7740 

7740 

kg 

6  <0 

6  30 

630 

630 

kg 

66370 

5 !  720 

47300 

45350 

kg 

16  no 

!6  130 

16330 

16330 

u  )  10 

6460 

6220 

3930 

kg 

41  10 

34  <0 

3320 

3290 

461  '.O 

78460 

73360 

70900 

5.  '6 

4.96 

4.  38 

4.05 

1  .  341 

! .  102 

1.0  73 

1 

cost 
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Table  3  -  Effect  of 
Aircraft 

Trapezius  wing  area 
Aapect  ratio 
Sweepback 

Thickness /chord  ratio 
Rooftop  position 
Fin  ♦  tailplane  area 

Static  thrust/weight  ratio 

Profile  drag  coefficient 
Cruise  lift  coefficient 
Cruise  lift/drag  ratio 

Take-off  lift  coefficient 
Take-off  lift/arag  ratio 
Approach  lift  coefficient 
Wing  loading 

Wing 

Fuselage 

Empennage 

Undercarriage 

Engine 

Systems  ar>d  avionics 
Furnishings  and  supplies 
Crew 
APS  mass 

Payload 

Stage  fuel  and  allowance- 
Fuel  reserves 

Take-off  mass 

Relative  direct  operating  cost 
Relative  noise  footprint  area 


Table  4  -  Design 

Koise  coefficient 

Take-off  mass 
Wing  loading 
Trapezium  wing  area 
Aspect  ratio 
Sweepback 

Thickness/chord  ratio 
Flap  deflection  at  take-off 
Flap  deflection  at  landing 

Static  thrust/weight  ratio 

Take-off  lift/drag  ratio 
Approach  lift/drag  ratio 
Climb  angle 
Approach  angle 
Approach  throttle  setting 

Relative  footprint  area 
Relative  direct  operating  cost 


advanced  aerofoil  deaign- 


Datum 

Advanced 

2 

m 

198 

139 

8.0 

9.2 

deg 

26.0 

20.3 

2 

9.1 

10.6 

2 

o 

57.0 

64.4 

St 

78.7 

60.3 

0.337 

0.330 

0.0172 

0.0194 

0. 309 

0.357 

12.9 

13.3 

1.54 

1.8! 

10.0 

)0. 3 

1.79 

2.08 

kg/m 

531 

612 

kg 

13950 

11060 

kg 

12980 

12980 

kg 

4020 

2920 

kg 

3600 

3340 

kg 

12160 

11030 

kg 

8560 

8000 

kg 

9900 

9900 

kg 

630 

630 

kg 

65800 

58960 

kg 

19960 

19960 

kg 

14750 

13310 

kg 

4640 

4240 

kg 

105140 

97360 

1.0 

0.S3 

l.C 

0.97 

for  reduced  noise 


E/km2 

0 

3 

-8  , 

75430 

78990 

kg/m2 

593 

562 

m2 

127 

14! 

9.4 

10.5 

deg 

20  0 

21.1 

Z 

11.5 

12.4 

deg 

26.6 

20.8 

deg 

45.0 

31.6 

0.362 

0.357 

8.95 

10.51 

deg 

6.44 

8.31 

9.7 

10.4 

deg 

3.0 

4.5 

2 

32 

13 

0.799 

1.045 
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Table  5  -  Design  for  minimus)  fuel 


Optimisation  function  DOC  Fuel  used 


Trapezium  wing  area 

2 

m 

172 

208 

Aspect  ratio 

3.9 

10.5 

Sveepback 

deg 

23.7 

27.5 

Thiekness/chord  ratio 

»r 

Ai 

10.8 

9.1 

Fin  ♦  tailplane  area 

a^ 

64.9 

72.6 

Static  thrust/weight  ratio 

0.318 

0.294 

Profile  drag  coefficient 

0.0186 

0.016: 

Cruise  lift  coefficient 

0.365 

0.379 

Cruise  lift/drag  ratio 

14. 1 

16.8 

Cruise  altitude 

a 

9140 

1C490 

Take-off  lift  coefficient 

1.64 

1.55 

Take-off  li/t/drag  ratio 

10.8 

12.0 

Approach  lift  coefficient 

1.89 

1.72 

Wing  loading 

kg In 

586 

515 

Wing 

kg 

'1060 

17950 

Fuselage 

kg 

12330 

12330 

Empennage 

kg 

2230 

2620 

Undercarriage 

kg 

3950 

4200 

Engine 

kg 

8040 

8560 

Furnishings  and  supplies 

kg 

9000 

9000 

Crew 

kg 

630 

630 

APS  mast 

kg 

57440 

65410 

Payload 

kg 

19960 

19960 

Stage  fuel  and  allowances 

kg 

19060 

17440 

Fuel  reserves 

kg 

4130 

4100 

Take-off  mass 

kg 

100  600 

106  902 

Relative  direct  operating  cost 

1 

1.065 

Relative  fuel  used 

1 

C.9I5 
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TECHNOLOGIES  NOUVELLES  ET  RENTABIUTE  DES  HF.LICOPTERES 
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RESUME 


Cette  etude  est  divisee  en  trois  parties,  lass  ia  premiere  partie  nous  proposers  deux  criteres  fondamer- 
taux  de  rer.tabiiite  :  d'une  fart,  le  "Pnx  de  Revient  -'pecifique"  qui  constitue  le  repere  du  priz  d' achat  de 
1'helicoptere  ;  d'autre  part,  le  "Prix  2 pecifique  Opdrationnel"  qui  con3titue  le  repere  du  coflt  er  utilisation 
de  1'helicoptere.  Dans  la  seconde  partie  nous  abordons  le  pro's  lone  du  prix  de  la  performance,  de  ia  securite  et 
du  comfort.  pour  lea  forsules  actuelles  d ‘helicoptered.  Dans  la  troisieme  partie  nous  evaiuons  1'appcrt  des 
technologies  r.ouvellea  dans  le  co-.promis  cofit-efficacite  des  helicopteres. 


INTRODUCTION 


1'helicoptere  en  tant  que  moyen  de  transport,  en  tar.t  ou'eutil  ou  en  tar.t  qu'arae  repond  h  des  bescins  ; 
il  assure  done  certaines  for.ctions  er.  rempliesant  certaines  missions  et  en  respcctant  certains  criteres  de  renta- 
bilite.  la  determination  i'ur.e  mission  sous  tous  ses  asrects  de  po*-‘'ormances,  de  security,  de  confort,  c'est-A- 
dire  en  fait  ia  determination  so  i'hciicoptere  qui  rem^iira  cette  mission,  results  done  de  1‘ optimisation  a'ur. 
enc he v£t resent  de  compromis  entre  le  cottt  de3  coyens  a  mettre  er.  oeuvre  pour  fabnq’uer  1’helicoptere-  et  ia  valeur 
ues  services  rendus  par  cet  helicop-tere.  D' evolution  des  tech.iques  permet  de  deplacer  progressiveaent  la  point 
d' optimisation  er.  reculnnt  les  limites  physiques  et  eco.nrci^ues  des  performances,  de  ia  securite  et  du  confort 
au  r.iveau  du  developpement,  de  1' industrialisation,  de  ia  fabrication  et  de  3 'utilisation.  Tout  ch , ix  technique 
doit  done  dscouler  airectener.t  d'une  analyse  de  rentahiiite  aussi  poussee  que  possible  er.  tenant  cos. put  de  tc;  w . 
les  possibilites  offertes  par  la  technique  au  moment  du  chcix. 


CRITERES  DE  RENTABIUTE 


l'h---licoptere,  de  :i-  ses  caract  nstiques  partio.iieres,  er'  nr  v®h:'ule  capable  de  rempiir  ur.  grand 
nembre  de  missions  qui  iui  3or.t  propres  et  qu'aucun  autre  coyer,  le  trar—io:  -  civil  ou  miiitaire  n'est  capable  ue 
re  a  User,  du  coins  pour  ia  plupart  d'entre  eiles.  Par'll  ces  missions,  or.  pe«t  citer  le  transport  de  charges  en 
milieu  accident-:-,  le  secours  en  montagne,  le  ravitaiiiemer.t  ie  :  iates-i  ormes  troll  ores  en  mer,  la  mise  a  pied 
c ' oeuvre  rapide  de  commandos,  etc  ... 


Hais  1'helicoptere  ne  se  cor.ter.te  ruts  a’d tre  ur.  "eutil"  ha-tenant  specialise  ; 
avec  certains  transrc— is  trail tionnels  cur  oourtes  ou  mcyenr.es  distances  grace  a  ses  serf 
at  h  ses  caracites  d'emr-ert. 


i.  jeut  aussi  nvaliser 
o nances  ir.teressantes 


'erenaant,  nalgro  ses  qua  liter,  ce  type  d’a-'ronef  a  etc-  longtemp-s  handicap'®  par  sa  complexity  et  ses 
ccOtr.  i'ezr  ioitaticr.  a  i'neure  de  vci  asses  eleven,  lela  ert  dC  essential  lemer.t  aux  carac teres  de  dissymetrie  et 
de  varo.atiT.r  cycuques  ce  for.ctionr.ement  du  rotor,  ie  fait  q-..e  !  ’  holies;  tore  soit  demeur-i  long  temps  un  arrareil 
a  vocation  esrentiellement  miiitaire  h  ur.e  epoque  o',  la  notion  d’efficacit“  primait  sur  ia  notion  de  rentahiiite 
a  encore  aggrave  oette  tendance.  Deiuir  quelqu«s  anr^es,  des  efforts  ic;  or  tarts  ~r.t  e  t-i  cor.senti3  par  les  cons- 
tructeurr  r-ur  anelicrer  progressiveaent  les  a: pare; Is ,  r.or.  seuioment  sur  ie  plait  ces  performances  mais  aussi  et 
sur  tout,  .-ur  cel..i  ie  la  rer.tabiiite. 


Dans  notre  civilisation  modeme,  notion  de  rentahiiite  tend  a  dever.ir  capita’®  quel  que  soit  le 

demaire  quo  l1  on  aborde.  i'uti lisateur  d 1  ur.  rroduit  cherche  a  savoir,  avant  d'investir,  quel  sera  le  meilleur 
usage  qu'il  pourra  en  tiror  et  surtout  avec  quel  profit.  Et  ce  n'est  plus,  dans  cet  esprit  moderae,  uniquement 
le  prix  d'achat  qui  ccmrte,  mais  aussi  ce  que  lui  coStera,  h  I'-isage,  le  materiel  et  ce  qu'il  pourra  iui  rappor- 
ter  finalesent. 


:o-; 


i  If  rer.tabilite  d ' ur.  materiel  utilise  en  transport  ds  passagers  par  execple  est  aisdment  calculable, 
par  centre  la  notion  de  "service  rendu"  s 1  avers  plus  difficile  &  cliiffrer  but  le  plan  commercial.  En  effet  cer¬ 
tains  services  rendus  revetent  apparemaent  un  intdrfet  pureoent  huaanitairo,  nais  il  est  peu  aisd  de  determiner 
a  premiere  vue  I'interSt  qu'on  peut  en  “ntirer  fir.ancieremsnt.  C  ;eat  le  cas,  entre  autre,  du  sauvetage  en  con  ta¬ 
rn  e  cut  met  er.  oeuvre  des  coyens  souvent  considerables.  Pourtant  oe3  etudes  or.t  mor.tre  que  la  vie  humaine,  repre¬ 
sents!  t  un  caritai  tres  important  et  qu'il  -itait  "rentuole"  de  mettre  en  oeuvre  des  noyens  approprie3  pour  la 
sauver.  On  pourrait  citer  aussi  le  cas  dos  noeuds  rouliers  dont  la  ccr. figuration  dangereuse  entraine  de  nombreux 
accidents  Ce  edee  genre  d'etuae  contre  qu‘en  chi.'frant  la  vie  humaine,  il  3’avere  rentable  d'investir  des  scenes 
xaportar  as  a  l'auelioraticn  cu  dit  noeud  routier. 


Done,  la  rer.tabilite,  quv.i  ,e  3oit  la  fagon  dc-r.t  on  la  calcule,  e3t  un  dldnem.  ddterminant  dans  le 
choix  d'un  materiel.  I  'bell  cop  tore  en  ta.  t  que  coyer,  de  transport  de  tassagers  on  de  travail  airier,  peut  etre 
considers  core ve  un  "outil"  ;  un  out:!  qui  -.oOtc-  de  I'arge.it  a  1' achat  et  en  utilisation,  caia  qui  doit  rapporter 
des  benefices  a  i'utilisateur.  la  rertabilito  joit  par  consequent  etre,  au  ndme  titre  que  la  performance,  la 
so  cur  ltd  et  le  confort,  ur.  souci  c.ijeur  du  construe  tear. 


NOTIONS  DE  miX  3PEJIPIQTE  I'J  FRIZ.  A'C  KlhOSSAjgg 


Des  criteres  sicples  font  nece 3saires  a  1'helicoptenste  pour  orienter  et  guide r  ses  options  techniques 
dans  le  respect  ses  critdres  de  rer.tabilite.  les  notions  de  "prix  spdcifique"  ou  "prix  au  kilogramme  J ’helicoptfere" 
sent  aes  poirts  ie  ropere  fondaner.taux,  er.  particulicr  le  "prix  dt  revient  spdcifique"  ou  prix  de  revient  du  kilo¬ 
gramme  facriqud  et  le  "prix  specifique  oidrationnel"  ou  prix  du  kilcgio-ae  de  i'ftdlicoptlre  en  utilisation. 


Prix  de  revient  apdcifiaue  : 

7'est  le  prix  de  revient  de  1'helicoptfere  pour  1'hdlicopteriste,  c 'est-a-dire  le  coflt  ae  fabrication 
. las  i'amortissement  des  outillsges  et  des  frais  d'etude  et  de  mise  au  point  divisds  jar  la  masse  a  vide  de  la 
machine.  1*  tier.t  ccr. pie  du  prix  des  noteurs  aais  r.e  oooprend  pas  le  prix  des  equijecer.ts  spdciaux.  le  prix  coyer, 
se  situe  aux  envirc  s  de  30C  F/Kg  avec  ur.e  f->urchette  de  50C  F/Kg  l  iOCC  F/Kg  des  appareils  les  plus  rustiques 
a-. x  appareils  les  ;■  is  sophistiques.  Il  r.e  rer.d  pas  cocpte  de  la  re:  .abilite  ae  la  cachine  cais  il  represente  pour 
I'utilisateur  la  notion  traditionr.ellecer.t  fondacer.tale  de  prix  d 'achat. 


rnx  specif  ir;ue  onerationr.el  : 


Ha"  definition,  e'est.,  pour  I'utilisateur,  ie  coCt  total  des  deper.3es  ieposees  par  l’aclct  de  i'heuco:- 
ti-re  et  sor  utilisation  durar.t  toute  sor.  existence  divise  par  la  cnarge  payai.te  soyenr.e.  7e  prix  s.wcifique 
opera  ionne-1  est  eepreint  de  beaucoup  coins  ie  precision  et  de  certitude  que  le  prix  de  revient  specifique  car  on 
est  -Uige  pour  le  calculer  ae  faire  ie  noerreases  hypotheses  sur  le  prcfil  et  la  rer.tabilite  des  missions  effec- 
tu“es.  in  su-pc-'ar.t  quo  les  profits  tires  de  i’ecploi  ie  1  'helicoptere  durant  toute  son  existence,  er.  me  yen;.--  dix 
ar.s,  c-epensent,  dcr.c  r.crs  benefices,  exa-tecerit  i'ensectle  de..  ccits  d'achat  et  d 'utilisation,  on  deduit  que  le 
prix  specifique  operation:*!  represents  le  mar.aue  a  gagner  impose  par  '  <i Icgra-c'.e  d’helicoptero  supp-imentaire. 

Da  vaieur  du  prix  specifique  opdrationnel  coyer,  varie  beaucoup  suivar.t  le  type  et  I3  curde  de  vie  ae  la  machine, 
cuivar  t  .a  nature  et  ie  r.tmbre  dec  missions  etc  ...  ,  il  se  si  tut*  aux  environs  de  1C. COO  F/Kg  avec  ur.e  fourcbette 
:e  o.'OC  ?  Hr  H  H-.OCC  F,  Kg,  du  travail  a  I'fc.’ingue  sur  helicoptere  leger  de  manoeuvre  ; nr  e/emple  »r>  transport 
ae  :  ax  .carers  sur  helicoptere  coyer,  par  exemjle.  Du  joint  ie  vue  de  la  rer.tabilite  ce  prix  specifique  opdrationnel 
ert  f ornamental  pour  I'ndiioof tdriste. 


Frais  a  I 'achat 


Frais  a  1  'exploitation 


Fl.-uiv  1 


■Jo  parti  tier,  coyenne  des  frais 


CABACTEBISTIQUES  FONDAMENTALES  DE  L'HELICOPTERE 


U3  troiB  caractiristiques  fondamentales  d'un  hdlicoptkre,  celles  qui  condi tionnent  sea  missions  at  par 
consequent  sa  rentability  sont  :  l'ensemble  de  sea  performances,  aa  sdcuritd  et  son  confort.  Nous  tenterone,  dans 
les  lignes  qui  suivent,  de  ddgager  k  l'aide  d'exemples  le3  principaux  critkres  d' optimisation  de  chaeune  de  aes 
caractdristiques  fondamen tales,  o 'est-k-diro  en  d'autres  termes  de  ohiffrer  1 'augmentation  de  cout  imposde  par 
un  accroissament  de  performances,  de  sdcuritd  ou  de  confort,  avec  les  moyens  techniques  industrials  actuals  pour 
les  formulas  d 'hdlicoptkres  existants. 


L1 AUGMENTATION  DES  PERFORMANCES 


Aspects  technloues  de  la  Vitesse 


Les  progrks  realises  dans  le  domaine  des  performances,  particulikrement  en  ce  qui  conceme  la  Vitesse, 
depuis  les  premiers  hdlicoptkres  operationnels  sont  remarquables.  L'accroissement  constant  de3  records  illustre 
parfaitement  ces  progrks  (bien  que  les  possibilitds  courantes  des  appareils  de  sdrie  soient  ldgkrement  en 


re trait)  s 

178  Km/h 

en 

1944 

sur 

Sikorsky 

R  5  A 

206  Km/h 

en 

1949 

sur 

Sikorsky 

S  52 

236  Km/h 

en 

1953 

sur 

Piasecki 

YK  21 

350  Km/h 

en 

1963 

sur 

SA.  3210 

Super- Pre  Ion 

355  Km/h 

en 

1970 

sur 

Sikorsky 

S  67. 

Les  gains  sur  les  vitesses  maximales  s'obtiennent  k  partir  de  1' augmentation  de  la  puissance,  de  l'affinement 
des  fuselages  et  Je  1' amelioration  des  paramktres  de  fonctionnement  aerodynamique  et  dynamique  du  rotor.  (La 
vraie  solution,  au-delk  d'une  certaine  vitesoe,  rdside  davantage  dans  1' augmentation  de  la  finesse  que  dans  la 
surmotorisation) •  Des  travaux  importants  sont  actuellement  en  cours,  chez  la  plupart  des  cons true teurs  d'helicop- 
tkres  dans  ce  domaine.  Une  anticipation  prudente  sur  les  progres  a  obtenir  dans  les  armies  a.  venir  permet  d'affir- 
mer  que  1 'helicoptere  va  suivre  une  evolution  parallele  k  celle  qu'a  suivi  l'avion  et  reduire  ainsi  son  ecart  de 
finesse  ;  il  est  plausible  d'envisager  les  hdaicopteres  futurs  volant  couramment  dans  la  gamme  de  350  Km/h  avec 
des  vitesses  de  pointe  de  l’ordre  de  400  Km/h. 


Mais  1' augmentation  de  la  vitesse  est  coOteuse.  D'a'oord  parce  qu'elle  exige  de  la  puissance  supplemen- 
taire  :  au-dela  de  250  Kii/h  la  puissance  ndeessaire  varie  sensiblement  comme  la  puissance  2,5  de  la  vitesse  toutes 
choses  dgales  par  ailleurs,  ce  qui  implique  un  accroissement  notable  de  la  consommation  des  moteurs,  et  mSme  dans 

certains  cas  d'helicoptkre  monomoteur 
non  surmotorise,  la  ndcessitd  de  monter 
un  moteur  plus  puissant.  Ensuite  parce 
que  conjcintement  a  cette  augmentation 
de  puissance  elle  suppose  un  affinement 
du  fuselage  ce  qui  implique  certaines 
contingences  sur  le  volume  interne,  la 
ndcessitd  d’un  train  d’atterrissage 
rentrant,  la  necessity  de  carenages 
appropries,  etc  ...  Enfin  parce  qu'elle 
entraine  une  augmentation  des  efforts 
adrodynamiques  vibratoires  appliquds 
sur  les  pales  qui  devraient  se  tradui- 
re  par  une  elevation  du  taux  de  travail 
en  fatigue  de  l'ensemble  des  elements 
mdcaniques  travaillant  et  une  deterio¬ 
ration  du  niveau  vibratoire  du  fuselage 
et  qui  implique  en  consequence  une  op¬ 
timisation  beaucoup  plus  poussee  des 
caractdristiques  adrodynamiques  et  dy- 
namiques  des  pales  et  du  comportement 
vibratoire  de  l-i  structure. 


Figure  2  :  Puissance  ndeessaire  en 
fonction  de  la  vitesse  de 
translation 


Repercussion  sur  le  nrlx  d<  revlent  specifiaue 


II  est  difficile  de  chiffrer  avec  precision  le  coQt  de  la  vitesse  au  niveau  de  l'hdlicopteriste,  mais 
k  titre  d'exemple  d'ordre  de  grandeur  l'on  pourrait  dire  que  dans  le  domaine  de  1 'hdlicoptere  leger  actuel,  avec 
les  moyens  technologiques  existants,  le  passage  de  la  vitesse  de  croisikre  dconomique  de  200  k  250  Kn/h  augmente 
de  JO  k  40  f-  les  frais  de  developpement  et  de  15  k  25  %  le  prix  de  vente  de  la  machine,  par  le3  repercussions 
en trainees  par  l'affinement  adrodynamique  et  dynamique  du  rotor,  l'affinement  aerodynamique  du  fuselage,  l'optimi- 
3ation  vibratoire  de  l'ensemble  plus  poussde  et  par  l'exigence  d'un  moteur  plus  puissant. 


R^Mrcusalon  sur  1?  prix  spyplfigue  op^rntlonnel 


Prenons  l'exeraple  sur  h<$licoptkre  noyen  7  tonnes  du  passage  de  250  k  275  K m/h  dane  la  mission  transport 
de  frdt  interne  sur  150  Km.  Sana  rien  modifier  k  la  machine,  1' augmentation  de  consommation  en  carburant  neutra¬ 
lise  le  gain  obtenu  par  la  reduction  du  temps  de  mission,  le  prix  sp^cifique  op^rationnel  n'est  pas  r^duit,  cette 
operation  n'est  pas  rentable.  Par  contre  si  l'on  compense  la  perte  due  k  1 1  augmentation  de  carburant  par  1'adop- 
tion  de  moteurs  de  nouvelle  g^ndration  (actuellement  en  ddveloppement  j  do  puissance  maasique  double  et  de  eonaota- 
mation  specifique  rdduite  du  tiers),  le  prix  spdcifique  opdrationnel  est  rdduit  de  plus  de  10  ce  qui  en  d'au- 
tres  termes  signifie  que  1 'hdlicoptere',nouveaux  moteurs*k  275  Km/h,  sera  10^  plus  rentabilisable  que  l'hdlicop- 
tkre  de  base  k  250  Km/h.  Si  l'on  admet  que  les  bdndfices  de  l'utilisateur  reprdsentent  10  %  de  le.  sorame  totale 
investie,  cela  signifie  que  cette  operation  double  les  bdndfices. 


L ' AUGMENTATION  DE  LA  SECURITE 


Trks  schematiquement  et  du  strict  point  de  vue  de  la  sdcuritd,  il  est  de  rkgle  de  classer  les  principaux 
elements  vitaux  d'un  hdliooptfere  er,  trois  grandes  categories  :  ceux  dont  la  ddtdrior-.ition  en  vol  met  en  pdril  la 
machine  :  ceux  dont  la  deterioration  risque  d'interrompre  la  mission  sans  mettre  en  pdril  la  machine  ;  ceux  dont 
la  deterioration  necessite  une  intervention  apres  vol  sans  compromettre  la  mission.  Du  point  de  vue  du  mode  de 
travail,  il  y  a  les  eldments  k  duree  de  vie  qui  travaillent  en  fatigue,  et  les  elements  k  potentiel,  essentielle- 
ment  les  pignons  et  les  roulements. 


Elements  a  duree  de  vie 


La  3ecurite  a  ete  assuree  jusqu'k  ces  demieres  armies,  pour  les  elements  travaillant  en  fatigue,  par 
la  notion  de  duree  de  vie.  Cette  notion  repose  essentiellement  sur  le  fait  que  la  resistance  k  la  fatigue  d'une 
famille  d'eiements  et  les  efforts  qu'ils  supportent  en  vol  sont  l'objet  de  dispersions  qui  obeissent  a  des  lois 
de  repartition  "gaussienne" ,  done  elle  ne  peut  prendre  en  compte  les  ddfauts  de  fabrication  exceptionnellement 
non  detectee  par  le  controle,  les  configurations  de  vol  anormales  et  les  erreurs  de  maintenance.  La  duree  de  vie 
de  1 'element  est  calculee  a  partir  des  enregistrements  en  vol  effectues  a  l'int^rieur  du  domaine  de  vol  et  k  par- 
tir  des  limitations  deduites  des  essais  de  laboratoire  sur  pieces  conformes.  Ces  calculs  sont  tires  d’un  nombre 
forcement  limite  d'essais  de  laboratoire  et  de  mesures  en  vol  ;  les  marges  de  s^curite  dynamiques  choisies  sont 
telles  qu'elles  garantissent  un  risque  de  1C*6  avec  un  coefficient  de  confiance  de  90  De  plus  si  la  solution 
de  la  duree  de  vie  limitee  avec  un  certain  coefficient  d'incertitude  est  correote  sur  le  plan  de  la  security, 
elle  est  peu  satisfaisante  sur  le  plan  de  la  rentabilite  car  elle  implique  de  jeter  au  terme  de  leur  duree  de  vie 
"stlre"  des  pieces  apparamment  en  excellent  ytat.  C'est  pourquoi  la  tendance  actuelle  est  d'obtenir  une  duree  de 
vie  infinie  pour  tous  les  elements  vitaux.  Cette  condition,  contraignante  au  niveau  de  la  conception  et  de  la 
cise  en  serie  car  elle  suppose  un  juste  dicensionnement  des  pieces  et  une  connaissance  exacte  des  efforts  suppor¬ 
ts  en  vol,  demeure  peu  contraignante  du  point  de  vue  de  la  repercussion  en  masse  :  les  parties  critiques  d'un 
element  vital  representent  une  tres  faible  part  du  volume  total,  le  reste  (Stant  dict£  essentiellement  par  des 
conditions  de  raideur  du  raouvement  k  transmettre,  de  volume  k  contenir,  de  surface  a  offrir,  de  continuity  de 
forme  a  assurer  etc  ... 


Des  recherches  effectuees  sur  les  causes  des  accidents  de  nos  helicoptkres  en  vol  demontrent  que  12  £ 
des  defaillances  3ont  dueo  k  den  erreurs  de  maintenance  et  8  %  a  des  d^fauts  de  fabrication,  les  eO  $  restants 
ytant  imputables  a  des  fautes  humaines.  A  cette  notion  de  "duree  de  vie  sflre",  est  done  venue  se  superposer  deouis 
quelques  annees  la  notion  de  "Fail-Safe"  dont  les  grands  principes  peuvent  se  definir  comme  suit  :  reduire  au 
maximum,  au  niveau  de  la  conception,  les  risques  d'erreurs  en  maintenance  et  les  consequences  d'une  erreur  de 
maintenance  ;  assurer  la  redondance  des  elements  ou  circuits  vitaux  ce  qui  signifie  qu'une  fonction  vitale  doit 
toujours  etre  au  moins  doubles,  chaque  element  simple  £tant  capable  d'assurer  seul  la  fonction  ;  assurer  une 
detection  de  crique  qui  elimine  tout  risque  de  perte  de  fonction.  Appliques  brutalement  ces  principes  seraient 
trks  lourds  de  consequences  et  risqueraient  m£me  d'aller  a  1'encontre  du  tut  recherche,  par  la  complexity  gene¬ 
rals  qu'ils  pourraient  entrainer.  L'adoption  de  techniques  nouvelles  comme  celle  des  stratifiys  ou  des  lamifids 
et  la  recherche  d'effets  secondaires  comme  1'elevation  du  niveau  vibratoire  appareil  provoquee  par  1 'introduc¬ 
tion  de  souples3e  de  commands  consecutive  a  des  criques  d'eiements  simples  ou  1 'utilisation  des  liquiaes  colores 
de  ressuage,  permettent  de  satisfaire  aux  conditions  de  Fail-Safe  sans  repercussions  prohibitives  3ur  les  masses. 
Dans  ces  conditions,  il  est  possible  d'afficher  des  repercussions  inferieures  a  20  %  de  la  masse  des  elements  a 
redondance  san3  augmentation  notable  des  encombrements  correspondents.  Le  respect  total  des  principes  Fail-Safe 
3ur  l'en3emble  moyeu  rotor  principal  amenerait  dans  ce3  conditions  une  augmentation  de  masse  de  70  Kg  pour  un 
helicoptfere  moyen  de  7  tonnes  d'ou  l'on  deduit  une  augmentation  de  3,5  %  du  prix  specifique  opyrationnel  en  mis¬ 
sion  transport  de  fret  interne  sur  160  Km  done  3,5  $  moins  rentabilisable.  En  mission  transport  de  passsgers  3ur 
400  Km  ce  chiffre  devient  6  %. 


Elements  a  potentiel 


La  philosophie  sur  la  sycurite  des  yiements  k  potentiel,  e'est-k-dire  essentiellement  les  pignons  et 
les  roulements  a  suivi  le  rndme  cheminement  que  celle  stir  la  securite  des  eiyments  k  duree  de  vie.  Initialement, 
il  y  a  la  notion  de  potentiel  qui  impede  le  demontage  pour  revision  k  intervalles  de  temps  strictement  specifies 
d'elemer.t3  my-caniques  apparamment  en  excellent  etat  dont  la  plupart  pourraient  continuer  k  fonctionr.er  encore 
longtemps  ;  de  plus  cette  notion  ne  peut  tenir  compte  qu' imparfaitement  des  ddfauts  de  fabrication  dchappant  au 
control?  et  deo  erreurs  de  mainlenanoe.  C'est  pourquoi  aujourd'hui,  la  notion  de  potentiel  tend  k  Itre  remplacee 
par  la  notion  de  "di5pose  selon  ytat"  qui  permet,  moyennant  la  possibility  de  dytecter  et  diagnostiquer  les  ddte- 
riorations,  de  connaitre  ou  ordvoir  k  tout  instant  l'etat  du  matyriel,  l'importance  des  dventuelles  ddtdri orations, 
le  moment  optimal  d' intervention.  Ce  changement  de  philosophie  suppose  que  le  matyriel  ait  ety  ytudid  et  justifie 
avec  de  nouvenux  concepts  tenant  compte  en  particulier  de  la  nature  des  dd tdriorations  prosumdes  et  de  l’intdgrn- 
tio.n  des  diopositifs  d'examen  et  de  contrftle. 
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En  parallels,  la  notion  de  Fail-Safe  tend  k  s'introduire  aujourd'hul  aur  lea  moyeno  de  lubrification 
aoit  par  introduction  de  lubrification  de  secours  soit  par  redondance  des  circuits  de  lubrification,  demain  peut- 
Stre,  aur  loa  carters  par  detection  des  criques,  aur  lea  roulements  par  redondance.  L'application  dee  principea 
de  redondance  aur  lea  pignons  et  lea  arbres  amknerait  une  penalisation  de  30  Kg  environ  pour  un  heiicoptkre  ooyen 
c'eat-k-dire  une  chute  de  1 ,5  $  aur  le  pr: r  apdcifique  opdrationnel  en  mission  transport  de  frSt  interne  sur  150  Km. 


12  PRIX  DU  COMFORT 


la  reduction  du  bruit 


Le  problkme  du  bruit  est  relativement  recent  sur  les  heiicoptkres  et  coincide  avec  l'ouverture  et  le 
developpement  du  marche  civil.  En  fait  le  probleme  est  double  :  d'une  part,  nuisance  du  bruit  exteme  en  liaison 
avec  les  conditions  de  penetration  urbaine,  les  sources  sonores  en  cause  se  situant  au  niveau  des  moteurs  et  des 
rotors  ;  d'autre  part,  ambiance  sonore  interne  influant  sur  le  confort  des  passagers  et  de  l'f^quipage,  la  source 
sonore  3e  situant  essentiellement  au  niveau  de  la  boite  de  transmission  principale. 


En  ce  qui  conceme  le  bruit  exteme,  un  des  objectifs  k  atteindre  serait  un  niveau  sonore  de  90  PNDB 
(PNDB  signifie  :  Perceived  Noise  decibel  ;  interesse  toutes  frequences  occasionnant  une  gene  acoustique  physiolo- 
gique)  dans  un  rayon  de  150  metres  autour  de  l'appareil  en  vol  stationnaire  au  niveau  du  sol.  Cela  signifie  qu'il 
faudrait  obtenir,  pour  les  helicopteres  legers  actuels  une  reduction  de  10  a  15  PNDB  du  bruit  moteur  et  une  dimi¬ 
nution  du  bruit  rotorique  de  6  a  7  PNDB.  A  l'heure  actuelle  les  realisations  pratiques  de  lutte  contre  le  bruit 
externe  concement  essentiellement  les  moteurs.  La  Vitesse  peripherique  du  compresseur  tronsonique  genkre  un  bruit 
intense  a  spectre  tres  riche  en  harraoniques  avec  une  fondamentale  au  moir.s  egale  a  6000  hertz.  Les  remedes  peuvent 
associer  1'effet  d'absorption  par  des  aateriaux  a  resonateurs  et  1'effet  de  masque  par  une  geometrie  d'entr^e  d'nir 
adequate.  Les  gains  obtenus  ainsi  sont  de  l'ordre  de  10  PNDB  au  prix  d'une  perte  d'environ  2  k  3  sur  la  puissance 
du  moteur  ce  qui  limite  le  domaine  de  performances  de  la  machine  notamment  en  altitude.  Quant  au  bruit  rotorique, 
l'action  doit  se  porter  en  general  d'abord  sur  le  rotor  arritre.  Une  diminution  de  10  %  de  la  vitesse  peripherique 
des  pales  arriere  permet  des  gains  de  3  PNDE..S'il  faut  agir  sur  le  rotor  principal,  un  affinement  du  profil  et 
une  optimisation  de  la  forme  en  plan  de  1‘extreraite  de  la  pale,  pernettront,  en  augmentant  le  Mach  de  divergence 
de  trainee  et  en  diluant  le  tourbillon  marginal,  d'obtenir  des  gains  de  3  a  5  PNDB  !  un  gain  superieur,  10  k  15 
PNDB  necessiterait  une  reduction  de  la  vitesse  peripherique  des  pales  principales,  c’est-k-dire  en  fait  une  concep¬ 
tion  nouvelle  du  rotor  principal,  et  de  toute  maniere  un  sacrifice  important  sur  les  performances. 

En  ce  qui  concerns  le  bruit  interne,  rappelons  que  SO  db  SIL  (db  SIL  signifie  :  Decibel  Speech  Interfe¬ 
rence  Level  :  interesse  les  frequences  de  la  parole  de  500  k  4.000  hertz)  est  une  ambiance  sonore  qui  necessite 
d'elever  la  voix  pour  se  parlor  a  plus  de  20  cm.  Si  1'on  compare  aux  70  ib  SIL  des  avions  commerciaux  et  aux  65  db 
SIL  des  avions  legers  monomoteurs  1'on  deduit  que  l'cbjectif  k  atteindre  est  une  ambiance  sonore  au  plus  egale  k 
60  db  OIL.  Cela  signifie  qu'il  faut  obtenir  pour  les  helicopteres  legers  une  reduction  de  10  k  15  db  SIL,  de  20  a 
25  db  SIL  pour  les  helicopteres  moyens.  Par  les  procedes  actuels  d'4cran  acoustique  la  perte  de  masse  correspon- 
daiite  est  de  1  a  1 ,5  de  la  masse  totalo  de  la  machine.  Au  niveau  de  la  conception  de  la  boite  de  transmission, 
a  partir  d'une  technologie  appropriee  des  engrenages  et  d’ur.  choix  judicieux  des  frequences  propres  des  arbres  et 
des  qualit^s  acoustiques  des  carters,  cette  perte  de  masse  ne  serait  plus  de  0,25  k  0,3  ^  de  la  masse  totale,  mais 
cette  technique  n'ost  pas  maitrisee  aujourd'hui. 


L'amelioratlon  du  niveau  vibratolre 


Le  fuselage  d'un  helicoptere  vibre  essentiellement  sur  la  frequence  bJT=  nombre  de  pales  du  rotor  prin¬ 


cipal  x  vitesse  de  rotation  du  rotor.  Pour  un  helicoptere  donne  cette 


frequence  est  en  general  constante  (aux 
variations  exceptionnelles  de  regimes  d'au- 
torotatior.  pres)  et  suivant  1 'helicoptere  se 
situe  entre  16  et  24  Hz.  Pour  faciliter  les 
analyses  et  normaliser  les  appreciations  de 
niveau  vibratoire,  id  est  necessaire  d'ef- 
fectuer  des  mesures  d' accelerations  vibra- 
toires  :  une  acceleration  dynamique  verti- 
cale  de  0,1  fois  la  pesanteur  ou  0, 1  g  k 
18  Hz  est  consideree  comme  "trk3  bonne"  ;  k 
titre  de  reference,  et  bien  que  les  exigences 
des  nouveaux  programmes  amdricains  soient 
nettement  plus  sevferes,  les  normes  admettent 
communement  0,15  g  jusqu’k  la  vitesse  de 
croisikre,  0,2  g  jusqu'k  la  vitesse  maximale 
et  0,3  g  dans  la  zone  des  vitesses  de  tran¬ 
sition.  En  plus  des  termes  d 'accelerations 
verticales  le  "niveau"  vibratoire  se  compose 
de3  termes  d 'accelerations  transversalea  et 
longitudinales  generalement  d' amplitudes  plus 
faibles  qu'en  vertical.  II  comporte  egalement 
1' ensemble  des  vibrations  de  parois,  d' ins¬ 
truments  de  vol,  de  commandes  qui  constitue 
1 '"ambiance"  vibratoire. 


Figure  3  :  Evolution  du  niveau  vibratoire  en  fonction  de  la  vitesse 
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.  **  preoccupation  d 'assurer  un  excellent  niveau  vibratoire  n'est  pas  nouvelle  chez  lea  hdlicoptkristes. 

c  eat  durant  la  phase  da  mlse  au  point  que  1 'amelioration  du  niveau  vibratoire  eat  chkre  ;  la  part  dee  credits 
,  f0Ur  C®  probl6“e  P°ut  varier  entre  10  50  %  du  total  auivant  l'ampleur  du  domains  de  vol  vied  at  la 

difficulty  das  compr;mie  k  satisfaire.  Lea  aoyens  d 'action  ae  aituent  au  niveau  de  la  pale  en  minimlsant  lea 
efforts  aerodynamiques  appliques  et  leur  transfert  de  la  pale  au  moyeu,  au  niveau  do  la  boite  par  une  suspension 
adequate,  e'est-k-dire  en  utillsant  au  mieux  les  efforts  d’tnertie  de  la  boite  soit  par  des  moyens  passifs  soit 
par  des  moyens  actifs,  au  niveau  du  fuselage  on  optimisant  les  caractdristiques  vibratoirss  de  la  structure.  Ceo 
travaux  interviennent  dks  le  ddbut  de  la  conception  de  la  machine,  d'autant  plus  efftcacement  que  l'expdrience 
est  grande  et  les  mdthodes  de  calcul  precises  et  fidkles,  puis  en  laboratoire  dks  que  les  maquettea  ou  dldments 
dchelle  grandeur  le  permettent,  enfin  sur  les  bancs  et  le  prototype  en  vol. 


Jusqu'k  des  valeurs  de  niveau  vibratoire  d 'environ  0,15  g,  il  est  possible  de  dire  que  la  qualltd  du 
niveau  vibratoire  est  sans  rd  percussion  appreciable  sur  le  prix  de  fabrication  de  la  machine  si  lea  travaux  de 
mise  au  point  ont  Hi  mends  dans  cot  esprit  :  il  n'est  finalement  pas  plus  cher  de  fabriquer  une  pale  accordde 
correctement  entre  deux  frequences  ezcitatrices  qu'une  pale  accordde  sur  une  frdquence  excitatrice.  Au-dessous 
de  ces  valeui’s  3t  caopte-temi  de  l'dtat  aotuel  de  noe  connaissances  et  de  nos  moyens  il  devient  ndcessaire  de 
faire  appel  k  aes  raffinements  plus  ou  moins  coQteux. 


Conclusion  sur  le  prix  du  confort 


La  conqudte  du  marchd  civil  pour  helicoptkre,  implique  d'offrir,  pour  lo  passager  des  liaisons  inter- 
aeropcrt,  pour  le  President  Directeur  Gendral  en  liaison  "affaire"  etc  ...  une  prdsentation  interne  et  exteme, 
un  confort,  une  ambiance  qui  soient  comparables  a  ceux  que  le  client  est  habitue  k  trouver  sur  les  avions  de 
ligne,  dans  Is  moyen  courrier  d'affaire,  dans  1'automobile  de  classe. 


Pour  donner  a  la  cabine  d'un  hdlicoptkre  ldger,  par  exemple  un  "cinq  places",  un  espace  vital  identique 
k  celui  d'une  automobile  type  Ro  1  Is  ou  Mercedes  en  hauteur,  en  largeur  et  en  profondeur,  les  modifications  de 
structure  codtent,  par  rappcrt  a  l'hdlicoptere  actuel,  une  dizaine  de  ’'-ilogramnes,  1' accroissenent  correapondant 
du  maitre  couple  de  la  cabine  entraine  une  augmentation  de  8  k  10  ^  de  la  trainee  de  1'appareil. 


:  Comparaison  de  1 'amdnagement  interne  d'un  helicoptkre  ldger  avec  celui 
d’une  au  toaobi  le 


Par  ailleurs,  le  conditionnement  ndcessaire  k  1'obtentior.  d'une  bonne  ambiance  sonore  et  vibratoire 
en  accord  avec  les  regies  de  I'esthdtique  et  des  commodite3  clo3siques  de  l'sutooobile  ou  de  l'aviation  VIP 

treritaif  <ie,'Cji°fTam°e  p!r  If  .noyens  traditionnels.  Ces  impdratifs  imposent  un  accroissement  du  prix 
apdeifique  operational  de  1  ordre  de  10  A.  De  m6m;  pour  donner  au  cargo  d'un  helicoptkre  moyen  le  niveau  de 
confort  exigd>Par  le  transport  de  passagers  classique,  il  est  ndcessaire  d'accepter  un  accroissement  du  prix 
spocifique  oporationnel  de  1’ ordre  de  10  %.  y 


apport  des  technologies  nouvelles 


le  chapitro  precedent  raisonnait  but  dea  hi'licoptkrea  exiatantu,  c'est-k-dire  conqua  il  y  a  quelquea 
anises  at  resultant  d'un  corapromis  antra  l'dtat  da  la  technologie,  las  notions  de  rentabilitd  et  une  extrapolation 
des  besoins  op^rationnels  de  l'dpoque.  Las  nouveaux  besoins  en  performances,  confort  et  se-curite  apparus  depuis 
entrainsnt  un  certain  "ddsdquilibre"  entre  l'appareil  exiotant  et  l'appareil  souhaitd  du  fait  qua  technologiquement, 
aucune  amelioration  ne  peut  Stre  apportde  sans  rdpereussion  ndfaste  de  masse  et  de  prix.  En  essayant  de  chiffrer 
ces  ameliorations,  nous  avons  vu  qua  chaque  tentative  k  technologie  constants  se  soldait  par  une  augmentation  du 
prix  de  revient  spdcifique  et  du  prix  spdeifique  opdrationnel.  La  ndcessitd  d'lntroduire  de  nouvelles  technologies 
pour  reculer  les  points  d' optimisation  et  aaeiiorer  les  rapports  cotits/efficacite,  est  done  apparue  clairemer.t. 

(A  noter,  que  1' introduction  de  technologies  nouvelles  se  produit  aussi  souvent  sou s  la  presaion  de3  teohniciens 
eux-m^nes),  Dans  le  chapitre  qui  suit,  nous  nous  efforcerons  a  l'aide  de  quelques  examples,  de  ddfinir  la  politi¬ 
que  de  1' Aerospatiale  en  matikre  de  nouvelles  methodes  de  calcul,  de  nouveaux  concepts  et  de  nouveaux  matdriaux. 


NOUVELLES  METHODES  DE  CALCUL 


Particulierement  dans  les  domaines  de  l'aerodynamique  des  rotors,  des  vibrations  et  de  la  tenue  des 
elements  travaillant  en  fatigue,  domaines  fondamentaux  dans  la  technique  de  l'helicoptere,  de  nouvelles  methodes 
de  calcul,  apparues  recenxnent,  permettent  une  participation  totale  de  l'ordinateur  k  chaque  stade  de  la  mise  au 
point  d'un  helicoptere  :  conception,  etudes,  essais  de  laboratoire  et  essais  en  vol.  On  obtient  ainsi  une  meilleure 
analyse  des  conditions  techniques  k  satisfaire,  un  choix  plus  silr  et  plus  precis  des  solutions  techniques  corres- 
pondantes,  une  comprehension  plus  rapide  et  plus  complkte  des  phenomknes  rencontres.  Dans  certains  cas;  mSme,  e'est 
une  dimension  nouvelle  qui  est  proposee ,  e'est-k-dire  la  possibility  d'effectuer  des  explorations  par  calcul  qui 
sans  ces  nouvelles  methodes  eussent  etd  impossibles.  Nous  donnons  ci-dessous  trois  exemples  d' application  de  nou¬ 
velles  methodes  de  calcul. 


Optimisation  dynamique  des 


Du  point  de  vue  aerodynamique ,  la  pale  de  l'hdlicoptere  peut  Stre  considSree  comme  une  aile  animee,  pat- 
rapport  a  l'air,  du  mouvenent  de  rotation  autour  de  l'axe  rotor  et  du  mouvement  de  translation  d'avancement  de 

l’helicoptere.  Les  efforts 
aerodynamique s  appliques  ,iur 


les  pales  d'un  rotor  d'holi- 
coptkre  comportent  des  termes 
periodiques  importants  parce 
que  resultant  de  la  combinai- 
son  de  la  Vitesse  de  transla¬ 
tion  de  l'appareil  et  de  la 
vitesse  de  rotation  du  rotor. 
Ces  termes  sinusoidaux  des 
efforts  adrodynamiques  appli¬ 
ques  ont  done  des  frequences 
multiples  de  la  vitesse  de 
rotation  du  rotor.  Du  point 
de  vue  dynamique,  la  pale  est 
une  poutre  tres  longue  et  tres 
flexible,  qui  en  fcnctionne- 
ment  est  tendue  par  la  force 
centrifuge.  Elle  posskde  done 
de  trfes  nombreux  modes  propres 
de  battement,  de  trainee  et 
de  torsion,  dont  la  position 
des  frequences  propres  par 
rapport  aux  harmoniques  d' ex¬ 
citation  determine  ou  l'ampli- 
fioation  ou  1 'attenuation  des 
efforts  appliques  sur  la  pale. 
Chaque  pale  transmet  au  moyeu 
rotor  les  efforts  aerodynani- 
ques  qui  lui  sont  appliques 
au  travers  de  sa  "fonction  de 
transfert". 


Figure  5  :  Diagramme  de  frequences  propres  de  pale 
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Le  principe  de  1' Optimisation  Dynamique  est  de  trouver  la  loi  des  masses  et  des  raideurs  suivant  l'en- 
vergure  de  Ja  pale  qui  permettra  de  transoettre  au  moyeu  le  minimum  d'effort  pour  1' ensemble  des  principaux  har- 
soniques  d'excitation  de  batt«aent  de  trainee  et  de  torsion  et  ce,  fe  l'interieur  du  corset  imposi  d’une  part  par 
1’a^rodynamique  en  ce  qui  -.jnceme  le  rayon  du  rotor,  la  cord:,  l'dpaisiour  du  profile  le  vrillage,  etc  ..., 
d'autre  part  par  les  conditions  ae  resistance  statijue  et  en  fatigue.  Toutes  ces  conditions  laissaient  peu  de 
marge  de  manoeuvre  dan3  les  technologies  traditionnellas  de  pale.  L' apparition  des  rovings  verre-r^sine  et  car- 
bone-idslne  ouvre  des  perspectives  d'aotion  trfeo  grande 3  de  par  les  quality  arcaaiquea  du  matiriau  et  de  par 
leur  souplesse  d'emploi  et  peraet  de  concilier  un  nanbre  plus  important*!  d’imp<5ratifa.  Dans  la  methods  d'Optimi- 
sation  Dynaaique  des  pales,  l'ingenieur  reaponsable  recherche  les  valeurs  optima  les  en  dialogue  direct  avee  1 ’ or¬ 
dinate  ur.  Le  calcul  d^aarre  &  partir  d'une  configuration  de  base  de  pale  en  masse  et  en  raideur.  Les  conditions 
d'  optimisation  peu  vent  8tre  la  position  des  frequences  propres  par  rapport  aux  hamoniques  d'excitation,  ou  mieux, 
peuvent  fetre  les  transfer ts  des  efforts  adroiynamiques  appliques.  Par  calcul  linearise,  on  chercho,  par  exeaple, 
les  variations  de  frequences  propres  ob tenues  pour  des  petites  variations  des  fonctiona  de  repartition  de  la  pale. 
II  est  prevu,  dans  le  programme  actuel,  ae  modifier  simul  tenement  dix  sections  au  maximua,  sur  un  decoupage  total 
de  trsnte  sections  dans  un  ordre  arbitrairc-,  cette  action  itant  repetitive  et  cumulative.-  Lorsque  les  modifica¬ 
tions  oat  un  effet  non  line ai re ,  1'ordinateur  le  signale.  II  63 i  alor3  possible  dc  Stocker  le3  fonctions  de  repar¬ 
tition  et  les  frequences  propres  de  base  et  de  celculer  directs  rent  ie  nouveau  diagraame  de  frequences  remplaqant 
le  diagrame  de  depart. 


Cette  methods  de  calcul,  a  partir  de  la  c0nnais3ar.ce  dos  efforts  aerodynamiques  appliques  et  grfice  a 
la  soupiesse  d' action  procuree  par  la  technologic  des  rovings  verrs  et  car bone-res ine  doit  permettre  d'eptiniser 
les  conditions  de  transfert  des  pales,  c 'est-a-dire  obtenir  un  niveau  vibratoire  et  un  niveau  de  contraintes  fai- 
bles  dfes  le  debut  de  la  mise  au  point  des  prototypes,  e'est-fe-dire  roduire  considerablement  les  delais  et  »'s  codts 
de  mise  an  point. 


Depouilleoent  autoaatique  dea  contraintes 


De  par  le  foncticnnement  dissymetrique  et  cyelique  du  rotor,  le3  divers  cooposants  d’un  he lie op tfe re  sont 
souais  tt  des  efforts  sinusoids’*  et  travaillent  en  fatigue.  II  convient  done  de  calculer  pour  chaque  4l&er.t  vital 
la  dur^e  de  vie  en  utilisation. 

Les  i^thodes  classiques  de  calcul  d'endomaagemer.t  en  fatigue  sont  basses  sur  Vitsblissement  d'un  canevas 
de  vol  &  partir  des  principales  configurations  de  vol  stabilisees  ou  evolutive:?  impose e3  par  qa  mission  de  la 
machine,  pui3  la  determination  pour  chaque  c  infiguration  de  vol  et  pour  chaque  Element  vital,  de  l'am*'1'1  **«de  et 
dc  la  frequence  de  la  cor.trainte  dynamique  sufpcrtde.  Ces  cathodes  de  calcul  impliquent  un  depouillemert  masuel 
des  bander-  d’enregistresent  des  efforts  de  vol  done  une  procedure  tres  lourde  et  soumise  aux  erreurs  kuna ices 
d’ interprets *3  011  des  pher.cofer.e3. 

L’ Aerospatiale  a  mis  au  point  une  cathode  tie  dfepouilleaent  autocatique  des  contraintes  basic  sur  l'acqui- 
sition  tea  amplitudes  "ox-fete  a  orfete"  success ives  et  lour  couparaisor.  a  des  mveaux  d’endomcagecent  de  reference 
pre-effichis.  Les  andoasagemonts  eliner.tairea,  calculen  a  partir  des  courbes  de  Kohler  afeduites  par  essais  de 
laboratoire,  sor.t  ccmptabilises,  suivar.t  lc  loi  des  doomages  cumuiatifs  de  Miner,  soit  directement  en  vol  par  cal- 
culateur  esbarqufe  ou  par  transmission  tilemesurs,  suit  aprfes  vol  par  restitution  des  enregis  trtaen ts  de  contraintes 
sur  Lande  name  t:  quo. 


Ccr.trair.tc-  de  flexion  en 
battemer.t  d'un  longeron  de  ;.aie 


:plitudes 

endocmagements 

V 

el 

m 

e2 

03 

e3 

04 

ci 

05 

e5 

Sndounagenent 
risultant  s 


Cette  nouvelie  methode  de  dipouiiiement  apporte  au  stede  de  la  mise  au  point  prototype  la  possibility  de 
C'nnaitre  ?.  chaque  instant  d'ur.  vol  la  crcissance  de  1 '  endommagesen '  des  principe.ux  e  linen  is  travail  inn  t,  au  stade 
du  ianceser.t  cr.  sene,  la  possibility  d’effeetuer  des  sta  tit  tuques  tre-.  completes  sur  les  efforts  supportes  dans 
lea  configurations  de  vCi  tuansi  toire  et  d'une  faqor.  ger/rale  rne  evaluation  beaucoup  plus  correct*  les  endocmage- 
a-.nts  reellemer.t  supportss  er.  vol  e'est-a— dire  ur.  iimsnsionncmer.t  plus  ;uste  des  elements  travaillant  et  une  durde 
ce  vie  plus  [  recise. 


i 
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Or.  obtient  done  dans  tout  le  donaine  des  operations  de  surveillance  des  endamagements  en  vol  ou  de 
calcul  des  dur^es  de  vie  un  gain  de  temps  considerable  {teaps  global  divi3e  par  5)  ainsi  qu’une  precision  et  une 
fiabilite  accrues  qui  autorisent  en  supprimant  les  marges  inutiles  fruit  de  1 1 ignorance  soit  une  reduction  de  la 
Basse  sur  les  dissents  vitaux,  3oit  un  accroisaenent  de  leur  duree  de  vie. 


Analyse  Structurale 

A  la  base  des  calculs  de  resistance  et  de  vibrations  se  situe  toujours  une  schdmatisation  de  1 'ensemble 
k  calcuier.  Cette  schdmatisation  est  d'autant  plus  delicate  ou  plus  imprecise  que  I 'ensemble  est  de  fornc-  plus 
conpleie.  Pour  le  fuselage  d'un  helicopter"  actuel,  noyen  ou  iourd,  1' idealisation  par  les  ooyens  classiques  de- 
vient  illusoire. 


Fondee  sur  les  c-ithodes  dc  calcul  dites  par  "elements  fjni3'',  I'Analyse  Structurale  est  employee  dans 
deux  donaines  :  l'analyse  des  contraintes  supportees  par  les  eieaents  structuraux  ou  les  pieces  de  forme  coaplexe 

et  1' etude  des  vibra- 

S/  tions  des  structures. 

I  Slle  consiste  essen- 

/  tielleaent  a  substituer 

/  a  la  structure  reeile 

/  un  asseablage  equiva- 

/  lent  comstitue,  soit 

/  d 'elements  travaillant 

I  siaples  du  type  barre 

(  de  traction,  poutre 

\  de  flexion,  plaque 

\  triangulaire  etc  . . . 

\  pour  l'analyse  de  rd— 

y  ,  \  sistar.ee,  soit  d'die- 

./  ^  /  /  cents  simples  pureaent 

s'  J  cai  s.xques  relies  entre 

s'  j  eux  par  des  Elements 

y/  /  3imples  pureaent  elas- 

/  tiques  pour  l'analyse 

v  \  de  vibrations.  La 

i  /  finesse  du  deccupage 

S  /  est  for.etion  de  la 

s'  S  /  complexity  de  la  st-ue- 

\  \  /  ture,  de  la  precision 

<  1  /  recherchee  et  de  la 

capacite  des  ordina- 

r~J\  teurs  utilises. 


\  JHT  ^  x  Appliquee  aux  pieces 

v  \  aecaniques  de  forme 

\  /s/  S  Ressorts  equivalents  de  liaison  ccopiexe  la  methode  de 

LV  <  r~S-~  .  ■  . .  ■-»  - . - . --I..'  1  'Analyse  Structurale 

W  \  \  cermet  d'obtenir  ur.e 

V*\  I  J  approximation  excellen- 

te  de  la  distribution 
reeile  ues  contraintes, 
d'ou  une  determination 

Figure  6  :  Schematisatior.  d'une  structure  car  un  -  able  de  masses  concentx-des  -  ^recire  au  staur  de  la 
ressorts  d'  l*  .  conception,  un  volume 

d’ essais  reduit  au 
stade  de  la  sesure  de3 

contraintes  et  des  justify,  i  ous.  Appli qud*  crus  .ures  elle  permst,  par  la  resolution  des  equations  de  dyna- 

mique,  une  determination  des  le  stade  du  tro..?t  are  modes  et  des  frequences  propres  des  fuselages  et  de  leur  par¬ 
ticipation  dans  les  couplages  avec  les  rotors,  c  qui  reduit  consideratlement  le  volume  des  essais  de  vibrations 
sur  prototype,  facilite  1' interpretation  des  results  to  des  essais  de  laboratoire  et  en  vol,  oriente  plus  efficace- 
mer.t  les  codifications  de  mise  au  pent.  s.  g«i»;  obtanu  sur  le  temps  de  mice  au  point  vibratoire  des  fuselages  est 
ce  I'ordre  da  50^. 


Figure  6  :  Scbematisatior.  d'une  structure  par  un 
ressort3  d'  v  .  "n-. 


able  de  masses  coocentrdes  - 
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Remaraues  rreliai.caires 


Pour  tenter  de  reduire  a  la  fois  le3  rrix  de  rosier: t  indue triels  et  les  coOts  d' exploitation,  i’AEP.GSPA- 
TLA.a  s  depuis  quelqucs  mr.noes  ports  ses  efforts  dans  in  recherche  de  concepts  originaux,  mieiot  adaptds  k  l'utiii- 
sation  rationnelle  des  appareils. 


no-io 


Moveu  rotor  arrive  type  fenestron 


Parmi  les  solutions  recherchees  pour  r^duiro  les  colts  tout  en  augmantsnt  la  fiabilitd  ou  la  sdcuritd, 
une  des  plus  intdressant€3  est  1' adoption  i'ur.  rotor  de  queue  de  type  fenestron  en  remplaceoent  du  rotor  arrifere 
classique.  Ce  rotor,  fonctionnant  k  l'intdrieui  d'une  vein?  cardnde,  est  d'une  conception  perticulierement  simple, 
puisqu'il  utilise  des  pales  aatricees  en  ailiage  l^ger  a  durde  de  vie  infinie,  interchangeables  sans  rdgiage  et 
urtioulees  en  incidence  eur  des  manchons  en  plastique  ne  ndcessitant  aucun  entretien.  Sa  reoarquable  fiabilit^, 
allies  k  une  maintenance  pratiquement  nulle,  en  font  un  ensemble  tres  dconomiqus.  Ainsi,  la  rdpercussion  sur  les 
colts  d'entretien  represents  une  diminution  de  50  &  75  $  par  rapport  aux  colts  d'un  rotor  arrilre  classique. 


De  par  sa  conception  entierement  carenee  dans  le  prolongement  de  la  poutre  de  queue,  c«  rotor  prdsente 
une  grande  security  d'esploi  du  fait  qu'il  est  entierement  protege  lor3  de  heurts  dventuels  avec  des  arbres,  des 
objet3  au  sol  ou  des  appareils  en  stationneaent  et  que  le  personnel  d’entretien  au  sol  ae  trouve  lui  aussi  protdgy. 
Cet  avantsg©  se  traduit  <’  _•  par  une  dcononie  au  niveau  des  accidents  du  personnel  et  des  pieces  de  rechange  ap- 
pareil.  Par  ailleurs,  la  conception  originale  de  ce  dispositif  permet  de  supprimer  le3  ^quipements  de  degivrage, 
qui  sent  habitue llement  lourds  et  on^reui  sur  les  autres  types  de  rotor  arrifere.  D'autres  avantages  sont  obtenus 
sur  le  plan  des  performances  :  consommation  pratiquecent  nulle  de  puissance  en  vol  de  translation  ;  meilleure 
finesse  generale  de  I'appareil  ;  suppression  des  ph^nooenes  d' instability  de  pales  ;  poursuite  possible  du  vol 
en  translation  en  ca3  d'avarie  du  rotor  arriere  grfice  h  la  surface  de  la  derive  qui  agit  en  anti-couple. 


Conception  aodulaire 


'Jne  autre  source  d' economic  pour  l'utilisateur  reside  dans  la  conception  modulaire  des  ensemble?  -£za- 
niques.  Cette  conception  consist©  a  scinder  un  ensemble  considyry  en  un  certain  nombre  de  modules  diffyren  s, 
aisement  demon  tab  les,  chacun  d'eux  peuvar.t  avoir  un  ootentiel  particulier.  Pile  peraet  au  oycsnicien  d  'intervenir 
rapidement  au  niveau  du  module  et  de  le  remplacer  par  un  autre  module  en  ytat  de  march-,  sans  immobilisation  no¬ 
table  de  I'appareil-  Cepuis  quel  que  c  temps,  les  principaux  motoristes  de  l'aviation  oomerciale  ryali3ent  leurs 
aoteurs  suivant  ces  concepts  et  p>ermetxent  aux  ccopagnies  ayriennes  d'yeonomiser  d’importantec  sommes  d'argent, 
d ' ur.e  p>art  en  yvitant  k  leur3  appareils  de  longues  immobilisations  au  scl,  d’autre  part  en  reduisant  3 'importance 
du  stock  de  recharge  qui  se  limite  ainsi  a  quelques  modules  et  non  plus  &  des  moteurs  entiers.  A  noter  que  le  temps 
d'echange  d’un  module  ne  doit  pas  depxisser  2  heures. 


Dans  le  domains  des  mecaniques  helicopteres,  on  compts  encore  peu  d'application  de  ce  concept.  Pour  sa 
part,  1  'Anp.CSPATIAlm  entend  1'appliquer  a  c  ;rtaines  ryalisations,  en  particulier  aux  boite3  de  transmission  prin¬ 
cipal  et  aux  meysux  rotor  qui  sont  des  ensembles  complexes  et  onyreux.  Ainsi,  en  ayant  la  possibility  d' inter¬ 
venir  lui-meme  sur  certains  modules,  l'utilisateur  accroitra  la  disp>onibility  de  ses  a.ppjareils  et  evitera  des 
retours  en  usine  pour  reparation  qui  sont  toujeurs  longs  et  chers. 

la  conception  r cdulaire  est  une  nethode  rationnelle  d 'utilisation  du  materiel.  Slle  tend  k  supplanter 
de  plus  en  plus  3©s  traditionneiles  deposes  d' ensembles  mecaniques  programmees  ou  non  qui  con3tituaient  jusqu'h 
present  un  leurd  handicap  sour  les  utilisateurs  civii3  et  militaires  dan3  le  domaine  de  la  rentability  et  de  la 
disponibiiite. 


Notion  de  ''depose  selon  etat" 


la  notion  de  "dep-ose  selon  ytat"  tend  a  remplacer  la  notion  de  "pxotentiel".  Un  materiel,  utilise  norma- 
lemer.t  suivar.t  les  besoins  pour  lesquels  il  a  ete  cryy,  peut  se  deteriorer  pour  diffyrentes  raisons  :  usure,  (.oiv 
rosier.,  fatigue,  vieillissemert,  milieu  defavorable,  mauvais  entretien,  etc  ...  Tout  particulifereoent  dans  le 
domains  des  helicopteres,  et  sur  tout  pour  les  ensembles  mecaniques  prir.cipaux ,  il  inportc  de  3  avoir  jusqu’fc  quel 
moment  or.  p>eut  continuer  a  faire  voler  'in  element  qui  commence  h  se  dyteriorer  3ans  que  la  sycurite  soit  compro¬ 
mise.  Dans  la  cethoue  actuelie,  fauto  de  pouvoir  corral tre  avec  exactitude  ce  seuil,  on  definit  des  pyriodea  de 
fonoticnr.emer.t,  appelees  "po*entiel‘  .  a  i’issue  desquelles  on  depose  systesatiquesent  les  mecaniques  pour  le3 
envoyer  er.  revision.  Ces  poter.tiels  sont  definis  par  le  calcul,  par  des  es3ais  de  fatigue  et  d’endurance,  par 
expyner.ee  obtenue  sur  des  materiels  sicilaire3.  Sn  gyneral  le  potential  de  ddyart  est  de  i'ordre  de  300  h  et  on 
le  r?tt  evoluer  er.suite  par  palier3  successifs  jusqu'h  des  valeurs  de  1500  h  2000  H  en  fonction  de  l'ytat  des 
pieces  examinees  en  revision.  Cette  method  e  est  longue  et  penal  is  ante  financifereaent  p\,ur  l'utilisateur  car  elle 
impose  de  dyposer  a  periodicity  fixe  ses  ensembles  o!5car.iques  sans  qu’il  puisse  connaltre  avec  exactitude  leur 
etat  r^el  et  i'obiige  a  co.nstituer  des  stocks  importants  de  rechange,  surtout  lorsque  les  potentials  sont  bas. 

Par  ailleurs,  cette  nethode  er. train e  souvent  des  retours  en  usine  ir, Vsstifiys  du  fait  que  le  materiel 
aurait  pu  encore  fonct’omer  de  fafon  satisfaisar.te  le  .iosbreuses  heures. 

Du  point  de  vie  financier,  tan*,  en  ce  qui  ccncerh.e  la  disponibility  des  appareils  que  les  colts  directs 
d'exploitaticr.,  1'idyal  pour  l’utilisateur  est  tone  de  pouvoir  connaitre  l  tout  instant  l'ytat  dan3  lequel  se 
trouve  le  materiel,  1'imcortance  des  even tue lies  dyterioratiens  et  le  moment  qu'il  ccnvient  de  choisir  pour  proce- 
der  '(■  sa  depose  tout  en  sauvegardant  la  security.  Cm  arrive  ainsi  a  la  notion  de  "depose  selon  ytat”  qui  doit 
prendre  dans  les  nrochair.es  annees  ur.e  grande  importance.  L'applicaticn  de  cette  nouvellc  methode  isplique  au 
pryalable  que  le  materiel  soit  etudiy,  caicule,  ju3 tifie  et  utilise  sous  certaines  conditions,,  en  piarticulier  : 

-  to us  les  cocpcsante  doivent  f tre  corpus  pour  des  dujee3  de  vie  infinies 

-  le  potentiel  probable  caicule  doit  etre  d'au  soin3  2COO  H 

-  le  materiel  doit  Stre  etudie  pour  que  les  deteriorations  pui3sent  ytre  de  tec  tees,  diagnostiq'iAeo  et  suivies 
ser.s  ambiguity. 
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La  detection  et  le  diagnostic  de3  deteriorations  ne  peuvent  Stre  obtenus  qu'avec  des  coyens  adaptes 
r  la  nature  de  l'ensenble.  Pour  les  boites  de  transsission,  on  peut  envisager  par  execple  :  1 'analyse  des  parti- 
cules  du  bouchon  aagnetique  et  du  filtre  k  huile,  1' analyse  spectrale  des  huilos,  la  detection  de  la  teorxSrature 
au  niveau  de  certains  co.iposants ,  1'analyse  oes  bruits,  les  d4teoteurs  de  vibrations,  la  -assure  de  certains  jeux, 
l'endoscopie,  etc  ...  Ces  aoyens  risquent  d'etre  ondreux  ;  il  convient  done  de  les  employer  avec  prudence  et  de 
faire  a  chaque  fois  ur,  bilan  ccOt/efficacite.  Les  cocpagnios  adriennes  utilisent  courascer.t  cette  cethcde  sur  les 
coteurs  de  nouvelles  generations  et  il  e3t  certain  que  les  investissements  qui  lui  ssnt  consaciL3  sont  largeaent 
coapenses  par  le3  gains  apportes  sur  1 'utilisation  du  oatxSriel. 

Pour  sa  part,  l'ASRC.IPA?IALE  cense  qu'il  est  possible  d'appliquer  efficacecent  cette  r.ctior.  de  "depose 
selon  etat",  tout  au  coins  en  ce  qui  conceme  le?  enseables  c4caniques  prinripaux.  Elle  3'y  ecplsie  actuellener.t 
dans  1 'dtude  des  nouveaux  ca tercels. 


Puree  de  vie  infinie  des  elements  vvtaux 

Les  dure  j  de  vie  aes  elecents  vitaux  d'un  aeronef  sont  calculees  a  partir  d'un  spectre  de  vol,  e'est- 
a-dire  a  partir  des  efforts  reels  supportes  par  la  structure  su  par  les  enseables  cecaniques  au  cours  des  iiffe- 
rer.tes  phases  de  vol.  Jusqu'a  present,  au  cours  ie  1 ' 6 rude  d'un  nouvel  appareil  il  etait  peu  aise  de  connaltre 
a  prion  et  avec  precision  les  differents  spectres  de  vol  qu'il  4tait  suscep  title  de  rer.c jntrer  au  cours  de  son 
existence,  lette  connaissance  lcpivcise  avait  pour  conseq  ier.ee  de  liaiter  certa;-ies  duree.,  se  vie  a  oes  valeur3 
relativenent  basses  et  d'entrainer  des  repercussions  non  ncgligeables  sur  les  ccCt3  d'explaitati on.  Il  est  inte¬ 
rs  -.pnt  de  noter  que  dans  le  calcul  des  coCtc  directs  d' exploitation  le  pcste  ''pieces  a  duree  de  vie"  entre  pour 
er.  - ,  ror.  1 0  ¥■• 

La  solution  pour  dicinuer  Cts  cuCts  d'exploitation  ccnsiste  done  a  suppneer  ce  paste,  e'est-a-aire  a 
denner  des  dureec  de  vie  inf  ones  aux  pieces  vitales.  Aujourd '  hui ,  une  ceilleure  connai33ar.ee  des  efforts  suppor¬ 
t's  er.  vol  (p-rogres  des  cethndes  de  calcul  theorique,  progrLo  des  etthodes  le  secures  et  des  cathodes  de  traite- 

cent  de  1' inf  creation)  comet  des  le  stade  de  .a  conception  d'un  appareil  une  ceilleure  definition  des  pieces 
vitales  travailjant  a  la  foci  rue.  lette  aeilleure  connaissance  des  efforts,  assoon-e  aux  pregris  realises  dans  la 

definition  stntistisue -es  spectres  de  vol  aes  appareils  perse t  1'  otter. tier,  de  iuKes  de  vie  trio  grasses,  voire 

iilini tees,  des  le  debut  de  la  cise  en  serie. 


tllisatior.  de3  ecuiresor.ts  de  grande  eerie 


in  construction  a4rcnautique ,  1'ecpioi  c' equipecer.tr  cu  oe  cateriaux  dits  de  "qualste  aercnautiq.e '  est, 
depuis  lonptecps  de  ngue-r.  L’hooolcgatior.  r.e  ces  equipecents  et  de  ces  cat-.'na-x  est  facte  s.us  la  responsabiii- 
U-  des  fences  Offisiel s  ce  l‘A-.-it:.a-tiq-e.  lertes  c.ur  assurer  la  securite  d'une  cissicr.,  il  est  nomal  d'otili- 
ser  des  Equipecents  s2rs,  cerforcar.ts  et  fcables.  11  serait  ccper.sable  de  center  s-r  des  acrarecls  ces  *'leae:.ts 
qui  r.’auracer.t  pas  subi  les  teste  et  les  c.r.trcles  oorrespcr.dant  k  -r.  certain  label  de  oolite.  lep-sr.iar.t  le  nao- 
breux  equipecents  attcigner.t  des  prix  excrbitar.ts  du  fait  de  leur  "etiq-ette"  aersnautiq-e  et  oe  leur  fabrication 
er.  petite  serie.  exception  faite  de3  equipecents  tres  scphistiquEs  ayar.t  ur.  aut  degrt  ie  specialisation,  il  est 
certain  qu'une  quantity  icportar.te  d' equipecents  pourrait  etre  prise  dans  le  sectenr  des  grandes  senes,  I’a-tons- 
b;]e  par  execple. 

N’cus  pensens  que  des  'o -nodes  mteressantes  psurraient  e tre  r-'-ulis-'es  dans  ce  cocaine  car  le  poste 
"equipecents'1  represtnte  de  1«.  a  'p  ~  ces  coats  directs  c'expicitaticn  et  de  It  a  -3  >  du  trix  de  revienb  d'ur. 
appareil  de  coyer,  tonnage  et  ie-  ccarts  de  prix  entre  le  secteur  a-tocsbile  et  le  sec  tear  avion  sont  considerables 
la  regie  gene-rale  e.  t  ur.  rapport  ie  l  a  3  ;  or,  trouve  quelquefois  ur.  rapport  de  1  a  1C  et  coco  ‘  a  -1,  id  ssnvient 
done  de  cnanger  la  phi  loser  hie  qui  preside  aux  ch.ix  ce  oes  equipecents.  nr.  partic^lier ,  il  cor.vier.t  de  cre.’r  des 
categories  correspond  art  a  la  fonction  recplie  par  .'orgar.e  et  a-  role  qu'il  pioue  par  rap  port  a  la  securite  de  vcl. 
Flusieurs  categories  psurraient  etre  ert-ies  ;  cur  les  quo  lies  la  per  to  _u  lu  i  t’r..rati;r.  de  1 '('qui  recent  :  er.trai- 
nerait  la  destruction  de  1'appareil  ;  secasionnerait  1 '  arre  t  ou  I  't’c  sur  tone  r.t  de  la  cissisr.  :  r.'aurait  pas  de 


re-oersussior.  sur  La  cissior.. 


Amsi  les  equipecents  r.e  cetta.t  pas  directecer.t  er.  cause  la  .-•'c-aut-'  de  vrl.  p  vurraier.t  faire  I'rbpet 
d  r.occlcgatior.  rectreir.t-  se  licitar.t  h  queiques  essad3  de  tor.  for.cti onr.ecer.t  cur  banc  d'essai  .an  a;  areil  et 
r. ' cn traineraier. t  pas  c'icportar.tea  rlu^-values  -ur  le  prix  de  vente.  Le  =6ce,  1'r.scclsgatirr.  des  caU'ria-x  entrant 
dans  la  fabrication  de  certains  equipecents  s-,.  an-.’noge cents  pourrait  suivre  la  cese  procedure.  Il  fa^t  n'arc.  ir..' 
renarquer  que  beauesup  c'srganes  d.  secteur  autocotile  sor.t  en  general  plus  Isurds  que  cent  i-.  -ecteur  avioti  r., 
(caic  a-ursi.  plus  rotustes)  :  quani  or.  rait  1'icpor'ar.ce  cue  I'sr.  attache  au  facteur  r-cics  dan?  1 ' ee rcr.au ti rue , 
i'ou  doduit  qu'il  sera  nvcecoaire  do  faire  un  bilan  F.*;x/ Masse,  :  erfrrcar.oes  r-ineux  avar.t  13  rrsce-der  cr:ix 


■IjAaAn  KAmRIAUX 


-ur  les  rotors  principoux  d'hdlicopteres  clas3iquf,  les  paler  posseder. 
ie  leur  fixation  sur  le  coye-u  catenalists  p«ir  trots  articulations  crthcgsnales, 
reriodiqueaer.t.  les  articulations  sor.t  realisoes  k  partir  de  roulecer.ts  k  billes 


t  trcis  de 
aut  -r  iesquelles 
s*u  a  aiguilles. 


liberie  s, 
elles  ssoi 


r.-reau 
.llet  t 
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Le  replacement  de  ces  elements  par  dea  callers  laaifies  ilastomire-metal,  ou  le  mouvement  de  rooleaent 
eat  reap  lace  par  une  deformation  elastique,  peraet  d'envl3ager  un  gain  important  sur  le  prix  de  revient  : 

-  par  une  diminution  du  r.ombre  de  pieces  (renplaceaent  de  1  ou  plusieurs  roulements  avec  leurs  joints  d'ehan- 
cheiti,  leur  systeme  de  lubrification), 

-  par  une  siaplification  des  pieces  (diainution  du  nonbre  d'usinages  et  de  leur  precision). 

in  allant  plus  avant,  on  peut  concevoir  des  moyeux  utilisant  de_  paliers  lamifies  de  maniere  originale 
pour  leurs  qualites  intrinseaues  et  nor.  pas  en  replacement  d'dlesents  classiques.  le  prix  de  revient  peut  alors 
gtre  ’•iduit  beaucoup  pi'is  considcrablement.  Toutes  ces  simplifications  entrainent  egalener.t  un  gain  de  masse  qui 
peut  6tre  tres  important.  Au  stale  de  Sexploitation,  l'utilisation  des  paliers  lanifiis  entraine  une  reduction 
des  cofits  spectaculaire.  En  effet,  ces  elements  n'exigent  aucun  entretien  (au .un  ingredient  consomcable,  pas  de 
probleme  de  fuite).  Par  ailleurs,  ils  sent  conjus  pour  avoir  une  duree  de  vis  elevde  et  ne  presentent  pas  de 
risque  de  rupture  brutale.  On  simple  examen  visuel  est  suffisant  et  peut  se  fni.-e  sans  aucun  demontage-  En  ctee 
temps  que  des  economies  sont  ainsi  .lisees  sur  I'entretien,  la  disponibilite  de  la  machine  augaente  oorrdlati- 
vement,  ces  deux  aspects  entrainant  r.e  reduction  considerable  du  cofit  d 'exploitation. 


Katgriaux  visco-elasticues 


Les  moyeux  rotor  principaux  classiques  sor.t  equipem  en  general  d'un  aaortisseur  hydraulique  pour  contro- 
ler  le  mouvement  de  trainee  des  pales.  3ur  les  moyeux  plus  modemes,  semi-articulds  ou  rigides,  il  est  r.ecessaire 
’.'ir.trciuire  darr  1c-  -  Ian  de  trair-'-e  une  raiceur  parall^le  avec  I’aaortissement,  avec  un  rapport  amortissemsnt/ 
raideur  bien  determine. 

Par  analogic  avec  le  probleme  general  des  suspensions,  on  peut  concevoir  un  systeme  a  fonctions  sepa- 
rees  :  ressort  monte  en  parallele  sur  amortisseur  hydraulique.  Une  telle  conception  a  partir  d 'elements  classi¬ 
ques,  conduit  a  un  systene  complete  lourd  et  enc entrant.  Les  materiaux  visco-elas+iques  out  apporte  une  solution 
elegante  a  ce  snob  line,  en  pemettant  d'asuurer  les  deux  for.ctions  a  partir  .  on  seul  element  deformable.  La  va- 
leur  du  rapport  amortissecent/raideur  et  la  necessity  d'ofctenir  ces  car&cteristiques  sensiblenent  constantes  d.ans 
la  plage  "es  temperatures  d'utilisaticn,  ont  impose  le  choix  d'elastcr&re  silicone. 

Beaucoup  plus  simple  que  les  elements  qu'il  remplace,  cet  amortis3eur  visco-elastique  permet  un  gam 
appreciable  cur  le  prix  de  revient.  De  plus,  on  peut  er.visager  d'incorporer  cet  element  dans  un  ensemble  moyeu 
pros  compact  de  conception  plus  simple  et  plus  ecor.omique,  perspective  pratiquemer.t  impossible  avec  les  systemes 
classiques.  Kais  ici  encore,  c’est  dans  le  domaine  de  1'utilisaticn  de  la  machine  que  la  reduction  des  cofits  est 
la  plus  sensible  :  ccrqu  pour  avoir  une  duree  de  vis  qua  out  infinie,  l'aaortisseur  risco-elastique  r.e  nicessite 
aucur.e  intervention,  aucun  entretien,  un  simple  examen  visuel  est  3uffisant. 


Les  3trat;fie3  "7erre-5efline"  ou  "Carbone-Hssine" 


Nous  vencns  de  dire  que  la  simplification  des  rotors  d' helicopters  pjasse  par  la  suppression  des  articu¬ 
lations  classiques  du  moyeu  mor.ties  geniralement  sur  dss  rculements  et  leur  replacement  par  des  elements  diasti- 
ques  3oit  paliers  lamifies  ou  autolubrifiants  soit  elements  deformnbles  dc  grand  allougomer.t  en  envergure  :  les 
materiaux  mdtalliques  usuels  sont  delicats  a  nettre  en  oeuvre  dans  ce  cas  (contraintes  * levees  dues  b.  Is  rogidi- 
te  importante  et  sewibiiite  'a  l’entaille).  L'  arition  des  materiaux  composites  du  type  fibres  de  verru  nuyees 
dans  une  ma trice  en  re sine  epoxy  a  permds  d’apporter  aes  solutions  legeres  et  performante3  du  point  de  vie  resis¬ 
tance  a  la  fatigue  de  moyeux.  Or.t  ete  realises  suivant  ce  prir.cipe  d ' une  part  des  moyeut  semi-rigiues  h  bras  defor- 
matles  d ' autre  part  des  pales  scuples  or.  battement  applicables  a  des  moyeux  rigides  cu  sem-articulis.  les  strati¬ 
fies  "verre-resine"  ou  "carbone- res ine  allient  er.  effet,  souplesse  (ou  raideur)  b  renarquable  resistance  b  la  fa¬ 
tigue. 

La  fibre  de  verre  est  le  matenau  le  mieux  place  du  point  de  vue  du  rappert  resistance  a  la  fatigue/ 
module  d 'elasticity,  pour  la  realisation  de  structures  travaillar.tes  deforoables  :  e'est  ce  qui  ez pi 2 que  que  I'on 
ait  obtenu  sur  les  pales  "Aerospatiale"  de  ce  type  une  duree  de  vie  infinie. 

Le  stratifie  presente  er.  outre  les  svantages  suivants  :  orientation  des  fibres  suivar.t  les  contraintes  ; 
aggradation  extrSmemer.t  lente  progressive  et  apparente  du  matt riau  ;  aucune  ser.sifcilite  b  1'entaille. 

la  fibre  de  carbone  est  utiiisee  de  preference  lorsqte  1’or.  recherche  une  raids ir  importante  pour  ur.e 
masse  faible  et  des  contraintes  ? levees.  On  'emploiera  pour  raidir  er,  trainee  les  pales  trine i pales  par  example 
cu  pour  rialiser  des  arbr°s  de  transmissions. 


dependant  il  faut  savoir  que  des  difficulties  entravent  encore  le  divelo; pesent  de  ces  materiaux.  ce 
ssr.t  :  d ’ ur.e  part  leur  pnx,  surtout  pour  ie  carbone,  ia  fibre  de  verre  etant  relativeaent  plus  vulgarisee  h 
1'heure  actuel’e,  d'outre  part  leur  mise  en  oeuvre  artrsanale,  un  grj3  effort  devant  (in  fait  sur  ce  point  rear 
aboutir  a  dys  pnx  et  cadences  aoeeptabies  en  sene. 


Les  teflrr.s  amis 


Le  teflon  est  i'un  de.-  materiaui  proposes  par  la  chimie  c rgsr.ique  dont  ie  efficient  de  frottemer.t 
est  ie  p'.asfsible.  ce  ra  1  e  predispose  a  remplacer  les  roulements  dans  certaines  conditions  &  ample!  avec  tous  ie.1 
avantages  de  gain  de  masse,  et  d'econooie  de  maintenance  que  ceia  impiique.  Xais  ss  resistance  a  1 'ecrasemer.t 
est  faible.  Deux  precedes  sont  proposer  pour  lul  dormer  les  caractiristiques  aecanquss  souhaities  d'une  part, 
son  utilisation  sous  forme  de  film  tres  mince  (quelques  microns'  ;  cais  cette  tec.hnclogie  est  relstivement  pern 
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usit<5e  car  elle  eat  d'une  application  delicate,  le  revStenent  est  fragile,  1  '<" tat  de  surface  doit  etre  tres 
soigne  pour  appliquer  le  traiteaent  ;  d' autre  part  son  utilisation  sous  forme  de  teflon  arme  c'est-a-dire  sous 
force  d'une  couche  de  frottement  mince  (5/100  &  l/lC  no)  en  matdriau  composite  constitu£  d'une  poudre,  de  fibres 
ou  de  tissus  noyds  dans  une  matrice  en  teflon. 

Ces  coussinets  autolufcrifiants  peuvent  Stre  appliques  aux  articulations  de  mcyeux  a  faible  debattecent 
et  lorsque  les  efforts  de  frctteaent  ne  pr^sentent  pas  de  repercussion  sur  le  pilotage  ou  le  coaportement  dynamique. 
C'est  le  cas  des  articulations  de  tra_".ee.  En  ce  qui  conceme  leur  application  aux  articulations  de  battement  ou 
d'incidence  ll  convient  d'Stre  vigilant  car  d'une  part  les  efforts  de  frottecent  sur  un  palier  sec  sont  environ 
dix  fois  plus  importants  que  sur  un  roulecent  &  billes  equivalent,  ce  qui  mtervient  directement  sur  les  efforts 
de  ccomande  ;  d' autre  part  les  mouvements  sont  plus  important3  et  peuvent  entrainer  des  echauffecents  parasites. 

De  plus  les  palters  en  teflon  arme  connaissent  ur.  "tassement"  de  la  couche  oe  frottecent  dans  les  premieres  heures 
d'utilisation,  ce  qui  peut  amener  des  jeux  parasites. 


CONCLUSION 


Sous  nous  3ocmes  effcrc^s  de  degager  quelques  idees  directrices  sur  le  rob  lice  de  la  rentafcilite  des 
h^licopteres.  Les  liaites  de  cette  etude  ont  ete  imposees  par  : 

la  neces3ite  de  raisonner  par  rapport  aux  missions  actuelles  de  i'helicoptere, 

l'importance  a  priori  du  confcrt  et  de  la  securite  dictee  par  les  grandes  terdar.ces  actuelles  sans  chiffrage 
precis  de  leur  rentafcilite  p>ropre, 

le  raisonnement  fcas£  sur  I'helicoptere  en  lui-cdce  sans  reference  a  la  rentafcilite  des  autres  coyens  de  trans¬ 
port  concurrents  eventuels. 

Sotre  but  etait  uniquesent,  dans  un  premier  temps  d 'es timer  le  coCt*  et  les  consequences  des  moyens 
h  mettre  en  oeuvre  a  partir  de  la  notion  actueiie  de  I'helicoptere  pour  repor.dre  aux  besoins  et  aux  necessite-s 
qui  se  font  jour,  dans  un  second  ter  os  d’apprecier  l'effioacile  des  nouveaux  outils  tecnr.oiogiques  dont  l'helicop- 
t&re  pcurra  disposer  dans  les  annees  qui  vienr.ent. 

Nous  penscns  pouvoir  af firmer  que  I'helicoptere  entre  dans  une  ere  cl  ll  saura  decor. t re r  son  efficacite 
et  sa  rentafcilite. 
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SUMMARY 

The  design  optimization  procedure  for  the  fighter-type  aeroplane  VAK  191  B  is  being  described  and  necessary  reiterations  are  discussed. 
Based  on  hardware  realisation  and  data  derived  from  ground  and  flight  tests,  the  procedure  of  design  optimization  is  being  evaluated  by 
comparison  of  preliminary  versus  final  design  and  test  data. 


RESUME 

Le  procede  d'optimisation  du  projet  pour  I'avion  de  combat  de  type  VAK  191  B  sera  decrit  et  les  etapes  d'iteraticns  necessaires 
discutees.  Le  procede  en  projet  utilise  sera  juge  sur  la  base  de  la  realisation  du  projet  et  par  comparison  de  donnees  provisoires  et 
definitives 


1  INTRODUCTION 

This  paper  d°als  with  design  approaches  and  procedures  used  for  the  development  of  the  VSTOL  fighter  type  Experimental  Aircraft 
VAK  191  B  (Fig.  1 )  and  brings  preliminary  data  in  relation  to  final  data,  proven  through  hardware  and  test  data.  In  various  publications 
including  AGARD  papers  (1,  2,  3,  4,  5,  6,  7)  extensive  technical  details  of  the  VAK  191  B  have  been  presented,  and  therefore  only  a 
very  brief  description  of  the  aircraft  program  will  be  given  first  for  better  understanding.  The  origin  of  the  VAK  191  B  dates  back  to 
1962  when  NATO  issued  first  military  requirements  for  a  single  seat  VSTOL  tactical  close-support  and  reconnaissance  fighter. 

Due  to  a  change  in  defence  doctrine  (1967)  from  massive  retaliation  to  flexible  response,  the  original  prototype  development  program, 
which  starred  in  1965,  was  changed  to  experimental,  with  3  aircraft  to  be  built. 

From  Sept  71  to  early  1972  all  three  planes  have  accomplished  first  hovering  flights  in  Bremen.  Flight  testing  was  then  continued  from 
VFW  Fokker  flight  test  faciliv.es  on  the  German  Air  Force  Test  Center  Manching. 

Due  to  lack  of  funding  by  the  German  Governmcnt,VFW-Fokker  had  to  stop  the  program  in  December  1972. 


2.  REQUIREMENTS 

Key -points  of  the  military  requirements  were. 

-  Type  of  aircraft 

•  VSTOL  strike/recce  aircraft 

-  Basic  mission 

•  TV  TO  in  S  L..  hot  day,  1 250  lb  payload 

•  --w  levs  'light  with  .92  M  for  out-  and  inbound  flight 

•  radius  o  •  action  180  n.m. 

•  5  min  combat  in  target  area 

•  10%  of  internal  fuel  remaining  after  vertical  landing 

-  dditional  tasks 

•  armed  recce  and  tactical  recce  missions 


close  support  missions 
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-  Special  operational  requirements  and  design  features 

•  operation  from  dispersed  semi-prepared  site* 

•  independence  from  ground  aids  for  engine  starting  and  system  check 

•  operation  at  day  and  mpht  under  limited  bad  weather  conditions 

•  adequate  manoeuvrability  for  CAS/strike  mission 

•  internal  stores  bay 

•  15  min.  turn  around  time 

•  STOL  capability 

•  A  U.W.  7  to  9  tons  depending  on  mission 

3.  DESIGN  PROCESS 

When  comparing  the  process  of  designing  a  VSTOL  fighter  for  a  given  mission  (Fig.  2)  with  that  of  deigning  a  conventional  type 
aircraft,  it  has  to  be  considered  that  the  propulsion  system  has  to  provide  lift-off  forces  and  additional  power  to  propell  the  aircraft  into 
the  aerodynamic  flight  regime  and  decelerate  it  back  from  there  to  hover  flight.  In  addition  the  propulsion  system  has  to  provide  energy 
to  generate  control  forces  and  this  altogether  should  be  done  with  minimum  weight,  minimum  fuel  consumption  and  minimum  power 
loss  which  may  result  from  hot  gas  recirculation,  ground  suction  and/or  jet  induced  down  wash. 

Therefore  an  optimum  engine  selection  and  engine/airframe  integration  with  minimum  negative  interference  effects  becomes  problem 
No.  1. 

Mission  analysis  then  in  parallel  leads  to  preliminary  aerodynamic  design,  propulsion  system  evaluation  and  selection,  subsystem  lay-out 
studies  and  to  the  first  approach  to  the  aircraft  configuration. 

This  way  the  VAK  191  P  design  process  went  as  well. 

3.1  Aerodynamic  Design 

3.1.1  Parametric  studies 

The  aerodynamic  design  started  with  oar  imetnc  studies  of  the  wing  borne  flight  regime  since  in  a  VSTOL  strike  aircraft  wing  size  and 
configuration  tend  to  be  dictated  by  manoeuvre,  cruise  and  transition  requirements.  Emphasis  was  therefore  put  on: 

-  low  level  high  subsonic  speed 

-  manoeuvre  performance  (clean  configuration) 

-  transition  speed  range 

-  external  stores  loading  capability,  considering  minimum  wng  span  and  influence  on  aircraft  c.g. 

Various  trade-off  studies  in  comuination  with  point  design  studies  were  carried  out,  taking  into  account  statistical  data  as  well.  Bearing 
in  mind  that  the  aircraft  had  to  be  designed  for  a  high  speed  low  level  mission,  the  results  of  this  approach  were: 

•  wing  loading  at  design  weight  -  500  f  g/m^  -  102  Ib/ft^ 

•  max  wing  loading  for  transition  -  600  k =  122  Ib/ft^ 

•  low  aspect  ratio 

•  swept  wing,  considering  a  wing  thickness  bstween  5  and  7%.  later  on  fixed  at  5  %  at  wing  root,  6  %  at  wing  tip 

•  no  complex  high  lift  device  to  be  considered. 

3.1.2  Ride  Clualities 

Due  to  the  fact  that  long  duration  high  speed  low  level  flying  reduces  pilot's  efficiency  ccnsidersiilv.  ride  quahtiv  investigations  were 
initiated  A  relevant  gust  spectrum  was  derived  from  statistical  information.  Then  various  wing  co'if.gurations  were  evaluated  from  the 
angle  of  find)  ig  a  wing  stupe  which  would  provide  for  ride  qualities  with  the  'east  detrimental  effect  on  pilot's  efficiency  upon  arrival  in 
the  target  area.  The  result  of  this  study  led  to  further  updating  of  aerodynamic  data,  such  as 

-  aspect  ratio  between  2.5  and  3  0 

-  leadmq  edge  sweep  in  the  order  of  40° 

The  rompatibihty  of  wing  shape  and  external  loading  capability  was  then  checked  again. 
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3.2  Predominant  VSTCL  Features 

Although  a  wide  spectrum  of  design  problems  has  to  be  cons.dered  and  *c  be  solved,  only  the  predominant  ones  can  be  discussed  N'e 
ri  more  detail,  such  as: 

•  propulsion  system  selection 

•  control  system  lay-out 

•  undercarriage  arrangement 

3.2.1  Propulsion  System 

Various  power  plant  concepts  have  been  investigated.  The  finally  contemplated  four  concepts  (Fig.  3)  have  been  evaluated  in  more 
detail  in  order  to  find  the  minimum  weight  aircraft  for  the  given  mission  and  so  meet  also  other  important  aircraft  des>gn  criteria,  such 
as 

•  performance  and  growth  flexibility, 

•  weight  and  cost  sensitivity, 

•  pilot's  safety, 

•  internal  loading  cepab'lny,  and 

•  low  overall  systems  complexity 

in  a  suitable  manner. 
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The  four  different  approaches  to  power  plant  selection  were: 

-  lift/cruise  concept 

-  lift  plus  lift/cruise  concept  with  symmetrical  hit  engine  arrangement 

-  h't  plus  lift/cruise  concept  witn  asymmetrical  lif  1  engine  arrangement 

-  direct  lift  concept  (cruise  engine  plus  'ift  engines). 

Cruise  engine  cycle  investigation,  cart  ed  on  in  parallel  to  power  plant  integration  studies,  nad  already  shown  advantages  in  terms  of 
thrust/weight  and  SFC  versus  Mach  number  for  by-pass  engines  with  a  by-pass  ratio  of  about  I . 

For  better  comparison,  A/C  point  design:  hive  then  been  worked  ou*  and  a  mission  take-off  weight  for  each  configuration  was 
estimated,  "sing  first  s*er>  project  weight  estimation  methods,  where  also  the  differences  in  subsystem  weight  have  been  considered  to  a 
practicable  extern 

The  resu’teni  aircraft  weight  breakdown  irio  percentage  of  take-off  weight  is  shown  on  the  left  in  figure  4,  and  on  ine  right  the  total 
aircrab  we'qht  for  a  qi  a..i  mission  is  plotted  aga  nst  percentage  of  lift  engine  thrust.  A  remarkable  advantage  was  found  for  the  lift  plus 
b't/cruise  configuration,  with  a  thrust  spi  s.'.ng  o '  about  50  to  50  percent  between  lift/cruise  and  iift  engines. 

Special  f  mention  was  then  paid  to  engine/airfranv  interference.  In  jet  borne  flight,  while  the  airciaft  is  picking  up  forward  speed,  inlet 
momentum  as  well  as  jets  and  their  induced  down  wash  may  create  forces  and  moments  which  can  be  in  the  same  order  of  magnitude  o. 
even  nigher  than  ’he  available  aerodynamic  forces,  f  trticular  attention  has  here  to  be  paid  to  sideslip  in  transition,  and  the  designer,  to 
minimize  secondary  forces  and  moments,  has  to  configure  ;he  aircraft  accordingly. 

Figure  5  shows  the  specific  characteristics  of  jet  induced  ground  effects  for  the  before  mentioned  power  plant  concepts. 


This  graph  presents  quali’ative  tendencie»  which  have  been  derived  from  a  variety  of  model  test  data  and  which  have  been  used  for  the 
power  plant  selection  The  graph  shows  an  advantage  to  be  expected  from  the  symmetrical  lift  plus  lift/cruise  concept. 

Crew  sa'ety  at  engine  failure  in  low  level  hovering  was  investigated  by  means  of  simulation,  using  expected  engine  response  and  control 
system  ch  racteristics  With  the  different  power  plant  concepts,  the  changes  of  aircraft  attitude  after  engine  failure  showed  dangerous 
pitch  attitudes  with  the  asymmetrical  lift  plus  lift/cruise  configuration,  whereas  symmetrical  lift  plus  lift/cruise  and  direct  lift  configura¬ 
tions.  due  to  smaller  disturbing  moment',  could  be  kept  within  acceptable  limits  for  safe  pilot  escape. 

The  result  for  the  single  lift/cruise  engine  configuration  looked  different  because  there  is  no  control  power  left  after  c.-gine  failure,  but 
the  thrust  vector  3  practically  in  line  with  the  aircraft  c.g.  and  thus  the  disturbing  moment  created  by  engine  failure  is  re  atively  small. 
So  when  the  aircraft  is  in  level  attitude  at  engine  failure,  but  only  then,  the  pilot  should  have  enough  time  to  bail  out.  A  summary  of  all 
these  trade-off  itudies  is  shown  in  Fig.  6  which  led  to  the  selection  of  the  symmetrical  lift  p.us  lif’/c.uise  power  plant  concept.  The  pre¬ 
liminary  design  of  the  VAK  is)1  8  derived  from  this  first  approach  is  shown  in  Fig.  7. 


3.2.2  Flight  Control  System 

The  military  operational  requirements  and  the  selected  aircraft  configuration  led  to  basic  design  criteria  lor  the  flight  control  system, 
vvt>:;h  are  given  in  Fig.  8  Following  these  criteria  and  considering  pilot  work  lead  and  aircraft  handling  which  were  simulated  for 
various  flight  ^ortrol  concepts,  it  was  concluded  that  an  electro-hydraulic  system  with  a  minimum  of  mechanical  complexity  offers 
dominant  advantage;  ever  a  mechanical  system.  Fig.  9  shows  a  sheme  of  the  pitch  channel  as  installed  in  the  three  experimental 
aircrafts. 
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The  system  is  of  redundant  electro-hydraulic  design,  where  pilot  commends  are  picked  off  as  analogue  voltages  from  potentiometers 
and  fed,  via  toe  triplex  command  and  stability  augmentation  system  (CSAS),  into  the  electro-hydrculic  duplex  servo  actuators. 

The  CSAS  provides  attnude  control  (pitch,  roll  I  and  rate  control  (yaw)  in  jet  borne  flight  and  reverts  free  of  transients  to  damper  mode 
m  wing  borne  flight.  The  switch  over  from  ore  mode  to  the  other  is  performed  either  automatically  as  a  function  of  speed  or  the  pilot 
can  operate manuallyJleiiabiiity  is  achieved  by  triplicating  the  electrical  part  of  the  flight  control  system  -  with  mutual  monitoring 
and  by  duplicating  the  eiectro  hvdraulic  servo-actuators  -  with  self-monitoring.  After  tw>  failures  in  the  system  a  mechanical  back-up 
system  is  automatically  engaged.  Stick  forces  lit  all  three  axes  ate  emulated  by  preloaded  springs.  Trim  in  pitch  and  roll  is  performed  by 
•drifting  the  springs;  in  yaw  a  vol'age  corresponding  to  the  trim  signal  is  added  to  the  CSAS  output.  Flap  position  is  also  controlled 
electrically  with  the  possibility  to  ‘eed  CSAS  signals  into  the  flap  servo. 

The  flight  control  system  is  si  pplied  by  redundant  hydraulic  and  electrical  tx  wer  systems. 

The  control  moments  in  jet  borne  ‘light  are  generated  by  compressed  air,  i  iich  is  tapped  from  all  engines  and  expelled  via  two 
mdependant  systems  through  control  i  ozzle»  at  the  front  and  re3r  iuselage  and  at  the  wing  tips  A  scheme  of  the  system  is  given  in  fig. 
10.  For  high  demand  pitch  manoeuvres  lift  engine  thrust  is  modulated 

3.2.?  Landing  Gear 

Tt.e  landing  gear  design,  a  tandem  type  mam  gear  with  supporting  wing  tip  mounted  outnggersiFig.  1 3 ),was  mainly  dictated  by  the  type 
of  power  p’ant  installation  and  the  large  mt.-rnai  bay. 

As  an  alternative  a  conventional  tricycle  layout  has  been  investigated  but  finally  was  found  not  suitable  for  the  following  reasons: 

-  housing  the  main  vear  units  in  the  fuselage  was  impractiHe  because  of  interference  with  main  engine  jets  as  well  as  with  jnderwiv, 
stores.  The  necessary  fusefage  cross  section  wou.d  have  beer,  increased; 

-  stowing  the  geai  units  and  low  pressure  lyres  >n  wing  nacelles  was  inconvenient  due  to  unacceptable  drag  penalty  and  interference 
with  external  stores  and  wing  trailing  edge  controls. 


The  undercarriage  has  been  designed  to  catei  for  t.i  *  complete  range  of  motior .  at  ouch  down,  ranging  from  poiely  vertical  landings 
w>m  drift  in  all  directions  on  semiprepared  grounds  to  emergency  convention.  anHings  on  concrete  runways.  Little  information  with 
regard  to  undercarriage  loads  was  available  and  therefore  detailed  simulations  r  -d  •>.  be  worked  out  to  estabish  the  undercarriage 
maximum  load  cases.  Ir  c-der  to  enable  aircraft  operation  fiom  semiprepared  c  unprepared  grounds,  a  C.B.R.  of  6  and  a  number 
of  50  passes  were  chosen  ‘or  tyre  selec'ion. 

e  energy  absc'bir.j  portions  of  tne  legs  in  combination  with  the  remaining  tyre  deflections  under  static  conditions  were  to  be 
designed  in  such  a  way  tha»  local  bumps  of  up  to  15  cm  which  may  occur  in  unprepared  fields  could  he  overrun  without  difficulty 
while  taxiing 

For  aircraft  inanoeuvenng  on  the  g.ound  a  nose  wheel  steering  is  provided  which  is  controllea  by  the  -udder  pedals.  The  steering  angle 
.s  nori.ialiy  limited  to  t12°,  but  can  be  increased  to  i45°  for  taxiing. 

For  the  best  breaking  efficiency  antisk.*.  brakes  have  been  installed  in  both,  forward  arid  aft  wheels. 


4.  RESEARCH  AND  T  ;ST  PROGRAM 

With  respect  tc  the  advanced  technology  required  in  the  VM<  191  B  development,  a  rather  extensive  research  and  test  program  was 
earned  out  to  back  up  aircraft  aerodynamic  and  structural  des  go  and  engine  airframe  integration.  This  program  served  for  optimization 
and  validation  of  the  c  trail  design  and  some  of  the  results  of  course  ied  ro  a  number  of  design  iterations. 

The  test  program  included 

-  785C  hours  wind  tunnel  tests  in  subsonic  and  transonic  regime; 

-  2000  i.-'urs  testing  of  secondary  aerodynamics  such  as  ground  and  |et  induced  effects; 

-  2350  hou-s  subsystem  tests  with  regard  to  ‘unction  and  reliability  by  use  of  special  ground  test  rigs; 

-  995  hours  soft  and  hardware  simulations  with  and  without  pilot  by  use  of  a  fixed  base  simulator  with  hybrid  computation, 

-  390  testr  A".h  a  flying  rig  including  141  free  flights  foi  testing  and  optimizing  the  flight  control  system,  judgement  o.  handling 

qualities  and  development  of  suitable  displays: 

-  investigation  of  sonic  and  thermal  load  distribution  on  the  aircraft’ 

-  urf-jrue  assembly  strenytn  and  temperature  tests; 

.-.nr  struc'ural  testing  of  the  comple*e  airframe. 

F.g  i  c  ;hows  'he  flying  test  ng  which  wa  flown  for  two  years  and  operated  by  14  pilots  from  Germany.  Italy.  USA  ana  UN  and  which 
r»as  delrvereo  v»y  encouraging  test  results. 


A  few  characterist-c  examples  from  the  development  test  work  are  presented  in  the  following  figures  (predictions!. 

Fig.  13:  Engine  intake  temperature  inctease  due  to  engine  exhaust  gas  ingestion.  Different  means  to  get  rid  of  rear  lift  engine 

recirculation  problem  are  presented,  from  which  a  30°  outboard  tilt  of  the  rear  undercarriage  doors  has  been  selected  as 
the  final  solution. 

Fig.  14:  Temperature  impact  on  an '  ime  in  vertical  take-off  condition. 

Fig.  15:  Jet  induced  ground  effect  versus  aircraft  neight  above  ground  and  jet  induced  downwash  during  transition. 

Fig  16:  Intake  and  )et  influence  on  longitudinal  and  lateral  motion.  The  latter  can  cause  critical  conditions  in  the  lower  speed 

range  due  to  yaw-roll  couplings. 

Fig.  17:  Sonic  loads  on  the  airframe. 

All  these  test  results  have  been  of  fundamental  importance  to  reduce  the  development  risk,  let  alone  that  a  smaller  number  of 
uncertainties  still  remained  to  be  clarified  by  aircraft  flight  testing. 

5.  FINAL  AIRCRAFT  DESIGN 

The  VAK  191  B  design  (Fig.  18  and  19)  was  finally  frozen  with: 

Aerodynamics 

•  swept  wing  in  high  position  with  relatively  high  wing  loading  and  low  aspect  ratio. 

»  trailing  edge  flaps  and  symmetrical  deflectable  ailerors  foi  hft  increase  (flr.perons), 

•  fixed  fin  with  rudder  and  low  mounted  all  flying  tail  and 

•  wing  fuselage  combination  for  optimum  steady  state  transsonic  flying;  high  angles  of  attack  are  only  limited  by  lateral  stability 
(o~2b°!:  no  pitch  up  tendency. 

Structures 

•  primarily  of  heat  resistan'  aluminum  al  oy. 

•  steel  and  titanium  for  high  strength  high  temperature  areas, 

•  fibre  construction  access  pant 

Propulsion 

•  Rolls  Royce/MTU  snivelling  •  "tie  lifi/cruise  engine,  10,000  lb  nom.r.il  static  thrust, 

•  Roiii  Royce  light  weight  lift  engines,  6000  lb  nominal  thrust  each,  deflectable  by  outlet  doors  and  thus  providing  for  emergency 
flight  capability  after  main  engine  failure  (get  you  home), 

•  variable  geometry  mam  engine  air  intake  (slides  forward  and  forms  semicircular  slots,  acting  as  auxiliary  mtaxes)  provides  satisfac¬ 
tory  intake  performance  over  the  complete  soecd  range, 

•  lift  engine  air  intakes  are  of  helimouth  type,  no  additional  ram  devices  are  necessary, 

•  power  piant  arrangement  allows  for  full  utilization  of  future  thrust  improvement  either  of  the  lift  or  lift/cruise  engine. 

Subsystems 

•  advanced  fly  by- wire  control  system  with  integrated  CSAS  provides  excellent  har  dling  qualities  .n  jet  borne  and  wing  boros  flight. 

•  BITE  allows  for  automatic  flight  control  system  check-out,  both  on  ground  and  in  flight; 

•  4000  psi  hydraulics  for  minimum  weight  and  volume  nf  system  and  components. 

•  secondary  power  system  with  auxiliarv  powe,  unit  (APU)  providing  for  independence  from  ground  power  supply,  both  for  engine 
start  and  systems  ooe/e,"ni. 

Crew  Station 

•  excellent  visibility  over  noso  and  to  the  sides, 

•  conventional  controls, 

•  zero-zero  rocket  supported  ejection  seat. 

•  adequate  displays 

6  FINAL  AIRCRAFT  DESIGN 

After  ground  test.ng  t'e  airca*t  was  mounted  onto  a  pedestal  (Fig  20)  tc  undergo  final  engine  runs  arid  to  have  the  flight  control 
system  tested  and  finally  adjusted.  This  tethering  tool  is  capable  of  lifting  the  aircraft  6  ft  off  the  ground  and  does  allow  rotation  ir. 
pitch  and  rnil  axis  over  a  range  of  :  15°  and  in  yaw  over  the  full  360° 


:u. 


Only  5  tests  for  aircraft  No.  1  were  ;  -cessary  which  were  followed  by  lift-off  tests  within  the  undercarriage  stroke  to  get  the  pilot 
adjusted  to  handling  and  engine  response  before  the  first  vertical  fake-off  was  performed.  Several  flights  were  conducted  in  the  hovering 
arena  (Fig.  21  i  followed  by  accelerating  and  decelerating  transitions  including  lift  engine  shut  down  and  relight  tests  and  wing  borne 
flignts  up  to  300  KIAS. 

The  flight  test  results  which  have  been  achieved  until  the  program  was  terminated  can  be  summarized  as  follows: 

-  tne  aircraft  shows  outstanding  handling  qualities  throughout  the  flight  envelope,  ope  ted  so  far,  and  very  precise  flying  was  demon¬ 
strated  while  the  aircraft  is  jet  borne; 

-  there  is  a  positive  ground  effect  up  to  10  feet  above  the  giound  and  the  aircrc't  is  virtually  free  of  engine  exhaust  gas  recirculation; 

-  engines,  3ircraf<  energy  supply  and  subsystems  operate  m  a  satisfactory  manner  within  ..teir  specified  range,  and 

-  the'e  vere  no  structural  problems  due  to  sonic  or  tempera  ure  effetes. 

7  COMPARISON  OF  PRELIMINARY  VERSUS  FINAL  DESIGN  AND  TEST  DATA 
During  aircraft  construction  and  all  test  phases  a  number  of  changes  were  necessary. 

None  ot  these  changes  have  been  of  significant  influence  to  the  program,  but  a  few  ones  are  wor»h  to  be  mentioned, 
al  During  development  and  construction- 

—  Impioved  access  to  main  engine  accessories  was  required  and  led  to  an  additional  wing  tilt  of  0.5°.  This  was  followed  by  redesign 
of  w.'ftg  fuselage  combination,  influencing  stability  of  the  aircraft  with  a  noticeable  trend  towards  pitch  up  nt  low  angles  of  attack 
16°  <  q<~  6°)  due  to  wing  tip  vortex  interfering  with  tailplane.  Pitch-up-treryj  was  then  cleared  by  8°  dihedral  of  the  horizontal 
tail  and  original  stability  was  regained  by  the  addition  of  extended  wing  lips  outside  of  the  outrigger  nacelles. 

-  The  production  of  the  high  pressure  bleed  air  ducts  (bleed  from  the  lift/cruise  engine)  which  were  formed  from  shM  material, 
caused  a  c-'t  siderable  we'ding  problem,  because  the  selected  heat  resistent  light  weight  material,  a  titanium-aluminum-tin-alloy, 
showed  brittleness  along  {he  welding  zones.  This  problem  was  solved  by  use  of  steel  alloy  (mmomc)  connected  with  some  weight 
penalty 

bi  During  aircraft  ground  and  flight  testing. 

-  First  transition  trials  showed  inconvenient  aircraft  overshoots  in  roll  axis.  The  magnitude  of  these  had  not  been  noticed  during 
pedestal  and  hover  tests  and  led  to  nodificat.ons  of  the  CSAS  amplifier  circuits  until  an  acceptable  adaption  was  found 

-  A  greater  safety  margin  for  side  slip  manoeuvres  in  transition  was  desirable  and  therefore  the  roll  control  nozzle  exit  areas  have 
been  increased  by  20  %.  The  new  set  of  nozzles  has  not  yet  been  installed. 

-  Because  of  unadequate  :ree  play  m  the  mechanical  linkage  for  in;  engine  control,  the  engine  response  to  inputs  from  the  CSAS  was 
insufficient  when  thrust  modulation  was  engaged.  A  partial  redesign  of  the  system,  was  necessary  to  get  rid  of  that  problem. 

-  The  aircraft  empty  weight  is  about  400  kg  more  than  it  ha"  t"en  when  final  design  was  started.  Part  of  this  .no-ease  is  the  tribute 
which  had  to  be  paid  when  the  program  was  turned  over  to  ,„'imental.  Therefore  several  additional  tests  and  further  refinement 
work  originally  planned  for  weig‘”  optimization  had  to  bs  ^ cartoned.  The  additional  weight  falls  to  the  airframe  and  to  aircraft 
subsystems  as  well. 

-  The  thrust  balance  included  a  safety  margin  for  uncertainties  sue  .  js  rccirculat-on  which  did  not  occur  during  aircraft  testing  and 
thus  the  weight  increase  could  be  balanced  for  vertical  take-off. 

i  CONCLUDING  SUMMARY 

Th  VAK  191  B  design  approach  and  the  technical  development  procedure  have  been  described  and  several  examples  were  given  to 
demonstrate  the  interaction  of  different  technical  disciplines.  Due  to  the  high  levei  of  technology  required,  the  program  had  to  be 
characterized  as  a  high  risk  program,  which  could  only  be  mastered  by  consequent  control  of  the  various  design  steps  and  significant 
back  up  by  means  of  test  work. 

The  design  process  which  started  out  with  mission  analysis,  initial  theoretical  investigations  a  no  .-vametric  studies  rescued  in  various 
configurations,  which  then  have  been  evaluated  m  more  detail  in  order  to  select  the  most  suiiab1*  ones,  which  could  be  realized  with  the 
available  technology  As  a  result  of  tn.  e  studies  and  supported  by  first  model  test  data  a  fmst  preliminary  design  of  the  aircraft  could 
be  derived 

A  draf;  specification  and  a  d  tailed  work  breakdown  sl'uctjre  with  built  in  iterations  was  men  set  up  fo»  further  definition. 

in  course  of  the  development,  design  optimization  was  achieved  by  further  trade-offs  and  continuously  refined  model  tests  and 
simulation,  using  analogue  and  hybrid  computation. 

F-vMv.  iesi  runs  were  conducted  with  integrated  Hardware  equipment  and  structural  components  as  well  as  complete  aircraft  subsys¬ 
tems  The  test  results  have  continuously  been  used  for  updating  the  design 

By  this  way.  the  development  risk  could  be  reduced  step  by  step  to  an  acceptable  limit.  Final  risk,  which  remained  for  flight  testing  was 
-educed  by  very  careful  monitoring  wtth  Quick  look  during  test  runs  and  detailed  data  reduction  after  each  flight.  31  flights  were 
pe.formed  and  the  flight  envelope  was  opened  up  to  300  knots  Most  of  the  tests  were  devoted  to  VTO,  hover  performance  and 
transition 
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The  total  program  cost  were  kept  to  530  Mill  DM,  including  engine  and  subsystem  development  and  flight  testing  as  well,  and  pert  of 
the  program  was  under  fixed  price  contracts. 

Looking  back  from  where  we  are  today,  the  design  procedure  and  thoroughness  to  reduce  the  risk,  has  proven  to  be  r  *glH.  Of  course  the 
design  methods  have  meanwhile  been  improved,  n  ore  prediction  methods  and  back  up  data  are  now  available  and  thus  the  nurnbar  of 
iteration}  for  future  VSVOL  designs  would  certainly  be  reduced. 
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S'HHARY 

This  paper  discusses  the  nature  of  an  aircraft  design  teas,  and  how  ner  techniques  can  be  integrated 
into  the  organisation  to  improve  design  efficiency.  In  particular  the  structure  and  implementation  of  new 
techniques  are  described  as  they  have  been  applied  to  the  preliminary  stages  of  design  m  Hawker  Siddeley 
Aviation. 


INTRODUCTION 


For  some  decades  now  aeronautical  engineers  have  steadily  improved  tus  accui/cy  of  calculation 
in  each  specialist  area  in  an  attempt  to  improve  the  overall  quality  of  design,  ii.  the  balancl  of 
resources  has  teen  surh  that  relatively  slight  effort  has  been  applied  to  Che  problem  of  integrating 
these  elements  of  the  design  process.  And  yet  this  is  of  ccbpf_rable  importance  as  el are  observation 
of  any  design  team  will  show.  Any  one  designer  spends  »  significant,  sometimes  dominant  poitiou  of 
his  time  collecting,  transforming  and  disaet Inatir.g  data,  end  repeating  calculations  due  to  modific¬ 
ations  in  the  design.  A  solution  to  this  problem  might  pay  off  handsomely  iu  termn  of  reduced 
elapsed  time,  aanpover  and  frustration  and  should  provide  management  with  a  much  improved  picture  of 
tne  state  of  the  design  at  a  given  time. 

In  Hawker  Siddeley  Aviation,  as  in  other  aerospa  :i  companies,  we  have  the  added  compilations 

of  several  geographically  remote  design  tc^s,  collaboretj  ?■*.  ventures  with  other  companies,  and  a 
wide  rang*  of  airerr.ft  types.  Any  attempt  to  improve  the  efficiency  of  a  company  must  evidently 

solve  the  tendency  towards  divergence  which  these  factors  c.-n  introduce. 

Systematic  studies  of  what  help  cctld  be  provided  by  recently  developed  techniques  were  initiated 
by  H.S.A.  in  1970,  when  the  Company  began  a  joint  study  with  the  Department  of  Trade  and  Industry's 
Computer  Aided  Design  Centre  and  the  University  of  Cambridge  (through  the  Engineering  and  Computing 
Laboratories).  Inevitably  the  power  of  the  computer  -'as  an  important  factor  in  these  studies,  although 
design  and  organise  tion-il  methodologies  were  also  ttken  into  account. 

During  the  first  two  years,  the  more  difficult  ureac-  were  the  subject  of  theoretical  and  experi¬ 
mental  studies  ' Nefe-ence  1).  A  proto- type  system  was  created  and  evaluated,  and  proved  the  feasib¬ 
ility  of  the  apprvich.  AS  a  .esult,  the  decision  wa3  taken  to  mount  a  working  system  in  the  Future 
Project-  Department  it  each  of  H.f.A.'s  four  design  teams.  It  Is  this  system  which  fonts  the  basis 
Cor  this  pape.*,  although  we  are  also  applying  ouch  techniques  in  designing  systems  which  will  do  a 
comparable  jcb  in  tne  later  design  stages. 

AREAo  Ct  -G!/ 

The  total  design  process  cai.  broadly  be  split  into  four  levels  cf  complexity  as  follows:- 

1.  The  first  stage  is  the  Feasibility  Study,  during  which  many  novel  solutions  may  oa  tried 

in  an  effort  to  reach  a  configuration  which  could  be  effective.  Research  will  be  initiated  into 
areas  which  are  beyond  existing  experience  in  an  effort  to  quantify  the  resulting  effects  on  the 
aircraft,  but  inevitably  in  some  areas  the  estimation  of  aircraft  effectiveness  will  be  based 
on  slender  evidence  and  simple  mathematical  models.  The  manpower  involved  and  the  quantity  of 
data  generated  will  be  relatively  small,  and  the  results  to  be  expected  from  the  study  are 
whether  or  non  a  -workable  solution  exists  and  the  approximate  dimensions  for  optimum  performance. 

A  thcrougr.  optimisation  of  the  design  at  this  stage  is  of  limited  value,  -  if  the  design  is 
conventional  then  experience  of  the  active  constraints  will  normally  give  an  adequate  approx¬ 
imation  to  the  optimum.  On  the  other  hand  if  the  design  is  unconventional  then  the  best  mathe¬ 
matical  model  will  be  too  crude  to  warrant  rigorous  treatment  and  will  in  soy  case  change 
rapidly  with  time. 

2.  Then  follows  tne  Project  Study  during  which  the  possible  configurations  from  the  Feasib¬ 
ility  Study  are  subjected  to  a  much  acre  detailed  analysis  with  the  aim  of  finding  the  optiau* 
values  for  the  best  configuration,  and  the  associated  commercial  prospects.  This  is  the  last 
stage  of  design  at  wnich  all  the  major  parameter*  are  still  variable  and  hence  Pvaningful 
optimisation  of  the  whole  aircraft  can  only  take  place  at  this  stage.  If  simple  empirical 
methods  are  not  adequate  for  the  type  of  aircraft  being  considered  then  more  substantial 
fundamental  methods  must  be  applied  (such  as  finite  element  structural  analysis)  or  expensive 
testing  undertaker,  (for  example  slender  delta  aerodynamic  ( naracteristics).  The  resources 
applied  are  obviously  becoming  substantial  and  the  period  of  this  study  will  be  of  the  order 
of  one  year. 

3*  The  Project  Definition  phase  is  then  entered  with  the  intention  of  refining  the  estimates 

by  taking  the  design  to  a  greater  level  cf  detail.  Ail  the  structural  elements  will  be  outlined 
and  the  external  shape  defined.  Detailed  calculations  will  be  backed  up  by  extensive  tests  in 
an  attempt  to  minimise  the  risks  involved  in  quoting  guarantees  to  customers.  There  is  little 
opportunity  at  this  stage  for  reoptimising  the  aircraft  as  many  important  decisions  will  have 
been  taken  and  dimensions  frozen.  At.  least  100  mas  years  will  be  expended  during  the  year  or 
so  spent  in  this  phase,  and  a  considerable  quantity  of  data  will  be  generated.  During  this 
period  it  is  at  the  component  level  tint  optimisation  takes  place,  and  the  overall  performance 
is  updated  as  estimates  are  refined. 

'■*.  Finally,  with  the  aircraft  committed  to  production,  the  Detail  Design  stage  in  entered. 

All  of  the  important  design  decisions  have  already  been  aade  and  the  task  is  basically  to 
produce  suitable  instructions  for  the  'production  department.  This  will  take  about  two  years 
and  involve  perhaps  1,000  man  years  of  effort. 

The  second  of  these  stages  was  chosen  by  Hawker  Siddeley  Aviation  as  aost  suitable  fot  applying 
the  results  of  research  mentioned  in  the  introduction.  The  scale  was  such  that  the  implement¬ 
ation  costs  and  resources  were  reasonable,  but  there  still  existed  in  microcosm  all  the 
specialists  and  multiple  projects  of  a  complete  design  team. 
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3.  ALMS  AND  CO“!STRAIt?fS 

The  aim  in  producing  the  system,  known  as  the  Future  Projects  Design  System  (FPDS)  could  be 
generally  termed  pj>  the  improvement  ol  design  capability  and  efficiency  wit  Ur,  the  Future  Projects 
teams  by  any  scans  which  did  not  infringe  the  following  fcraidablr-Sonstraip-3 

•  Benefits  U»d  to  be  seen  to  accrue  soor.  after  project  initiation  and  with  a  low  rsanpower 
huap.  ?lie  latter  requirement  is  an  acknowledgment  of  the  fact  -.hat  we  required  the  best 
engineers  to  help  design  and  implement  the  system  and  that  we  could  not  expect  to  monopolise 
their  effort  ever  a  substantial  period  in  the  presence  of  many  live  projects.  It  also  implies 
s  major  effort  to  make  the  system  easy  to  understand  and  to  provide  tools  vnich  made  it 
relatively  quick  to  build.  No  major  new  software  could  be  created  in  the  timescale  (such  as 
database  management  or  operating  systems). 

•  Existing computer  Lexdware  was  to  bo  used,  ('"he  mainframe  computers  throughout  H.S.A. 
are  I.C.L.  1900  series.)  Advanced  operating  systems  are  available  which  provide  compatible 
on-line  and  batch  access,  database  control  and  a  flexible  simple  command  language. 

•  It  was  recognised  that  intloduction  of  the  system  into  use  could  not  be  allowed  to 
affect  to<>  such  of  the  work  of  the  assign  team.  Thus  the  concepts  and  details  of  its  use  had 
tc  be  very  easy  to  learn.  Of  course  considerable  resistance  could  be  expacted  if  individuals 
found  ite  use  to  be  less  pleasure  than  alternatives. 

9.  SYSTUi  ARCHITECTURE 

It  was  apparent  fres  the  earlier  research  (Reference  1)  that  the  system  should  fulfil  »  number 
of  functions! 

4.1  DATA  STORAGE 

«  A  single  computer-stored  data  area  should  exist  for  each  aircraft.  Controls  should 

be  available  such  that  the  contents  of  this  data  ares  are  secure,  and  could  be  administered 
by  a  senior  designer,  or  logically  subdivided  for  control  by  delegated  specialists. 

•  A  further  series  of  data  areas  should  store  all  data  relevant  to  more  than  one 
aircraft .  This  includes  data  such  »s  wing  section  properties,  engine  data  and  standard 
parts,  and  is  called  'experience  data'.  These  data  areas  agair  have  suitable  controls 
for  administration  by  specialists. 

*  The  methods  applied  by  special'-ste  are  stored  in  -.he  form  of  p-ograes,  and  controlled 
bv  themselves. 

These  three  typ^  of  data  area  can  be  seen  from  figure  1  to  conform  to  the  usual 
•matrix  organisation'  for  a  typica,  design  team.  The  collection  or  data  areas  is  called 
the  design  database.  At  any  time,  there  will  in  general  be  more  than  one  project  passing 
through  the  design  teas,  with  several  at  each  stage.  One  man  will  here  responsibility 
for  each  project  and  will  obtain  his  manpower  resources  from  the  specialist  departments. 

Each  individual  designer  is  responsible  to  a  chief  specialist  for  technical  methods  and 
standards,  and  to  a  type  designer  for  producing  results  for  a  part  uia-'-  aircraft. 

This  same  organisation  car.  be  drawn  to  illustrate  a  complete  design  teas  or  (as 
applied  to  this  paper)  to  represent  a  project  design  group  which  is  a  part  of  the  larger 
team. 


Thu6,  although  -vll  the  data  stored  on  a  single  computer,  control  of  contents 
of  the  database  and  who  can  read  or  modify  tb*  data  is  securely  in  thr  hands  of  those 
who  control  that  data  in  a  manual  system.  The  structure  of  the  database  is  largely 
independent  of  the  applications  prograss,  as  the  data  necessary  to  describe  an  aircraft 
is  not  dependent  on  the  methods  used  to  design  it.  Thus,  whilst  one  would  <-xp«ct  the 
database  format  tc  change  little  with  tine.,  tbs  programs  are  considered  to  fcj  inter¬ 
changeable  modules  which  cv.  replaced  by  now  versions  as  technology  progresses.  Thu-t 
a  simple  structural  analysis  module  can  be  replaced  by  *  finite  elwsect  method,  and  a 
conventional  take  off  ansi-mis  can  be  replaced  by  a  STOL  br  VTOl  nodule.  Where  alternatives 
exist  the  designer  car.  choose  for  himself. 

It  is  expected  that  before  long  the  running  of  these  pro crass  could  be  controlled  by 
a  single  type  designer  for  a  particular  aircraft,  and  that  specialists  would  only  be  needed 
to  monitor  the  calculations.  These  opecialiets  will  then  be  able  to  apply  fa*  ccr#  effort 
to  research,  to  developing  and  refining  netr.ci*,  and  to  implementing  the  resulting  methods 
S3  program  modules. 

The  database  is  structural  internally  and  externally  as  a  true  structure  (Figure  2). 

At  each  nod#  there  is  a  svt  of  information  describing  wuc  nay  read  or  modify  the  data  at 
that  level  in  the  tree.  Passwords,  user  numbers  and  project  codes  can  be  used  to  restrict 
access  to  individuals  or  groups  of  designers.  For  example  the  type  designer  of  aircraft 
2  might  be  given  ownersnip  of  node  8  by  the  manager  who  owns  node  A.  The  type  designer 
can  in  tarn  pass  ownership  of  the  geceetry  files  tDa  designer  at  node  C,  It  is  then  up  to 
thia  specialist  to  decide  which  other  designers  may  read  versions  of  the  files  'fuselage* 
’wing',  etc.  Only  the  specialist  is  likely  tn  ee  allowed  to  modify  any  of  his  files. 


We  would  have  liked  to  be  able  to  construct  and  maintain  our  database  using  the  latest 
ideals. which  involve  complete  separation  of  the  formats  used  for  storing  data  from  the 
format  as  assumed  by  the  applications  program.  This  entails  the  use  of  techniques  which 
transform  the  data  automatically  between  one  format  and  the  otuer.  The  example  illustrated 
in  figure  3  shows 


.  igure  3*  An  caiiple  of  data/progra a  independence 

how  values  of  lift  and  drag  coefficient  can  be  stored  separately  against  values  of 
incidence  in  the  database,  but  are  automatically  transformed  into  the  required  format  for 
a  particular  application.  Fhen  if  it  becomes  necessary  to  modi fy  the  database  or  an 
applications  program,  cnly  the  relevant  format  definition  has  to  be  altered.  This  makes 
the  whole  system  dramatically  easier  to  maintain.  Note  also  that  the  transformation  can 
include  unit  conversions. 

Such  techniques  are  likely  to  be  viable  in  a  few  years,  bat  for  the  present  their 
efficiency  is  not  adequate  and  aence  the  cost  is  too  high.  For  now  a  much  simpler  approach 
has  to  be  used,  which  places  increased  reliance  on  getting  tnt  database  design  correct  at 
the  start.  The  aids  which  we  are  using  are  outlined  in  figure  *t. 

The  database  consists  of  a  collection  of  files  each  of  which  contain  named  items  of 
data.  For  ■tiCh  applications  pregrs*  there  is  also  a  definition  of  vhich  files  are  required, 
and  which  data  items  are  needeci  from  each  file.  When  the  applications  program  is  run,  a  set 
of  data  access  routines  find  the  appropriate  files,  select  the  named  data  items  and  present 
t»ie-s  to  the  program.  In  general,  detailed  transformations  of  the  data  are  not  available, 
bus.  data  can  be  selected  down  to  a  low  jevel.  The  exceptions  occur  where  data  in  compacted 
to  t-rcuce  storage  space. 


b.2  COMMAND  UKCUAGS 


The  commands  used  by  the  designer  are  set  up  using  a  facility  available  under  the  operating 
system.  This  allows  any  collection  of  detailed  operating  instructions  to  be  called  by  a  single 
name.  If  any  designer  uses  this  command, the  appropriate  list  of  operating  instructions  is 
processed.  This  collection  may  include  various  conditional  clauses  ('if  the  program  fails,  then 
do  as  follows  ..."  and  the  resJlt  is  a  surprisingly  powerful  tool  which  eliminates  the  hiero¬ 
glyphics  talked  by  cost  coapusers.  The  designer  will  use  commands  such  as  TAKEOFF  to  initiate 
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a  takeoff  per  fora  ince  calculation  and  ERASE  WINGGEOK  (4)  to  erase  version  4  of  the  wing 
geometry  file.  An  example  xs  given  in  Appendix  1;  the  most  frequently  used  cosaands  are 
seen  also  to  have  a  abbreviated  fora  (ER  is  3hurt  for  ERASE). 

Again  a  better  tool  is  available  at  extra  cost  in  overheads,  as  detailed  in  References 
1  and  3*  In  general  such  a  'command  interpreter'  can  be  Bade  to  perfora  all  of  thr  arithmetic 
and  data  manipulation  operations  of  a  high  level  language  such  as  FORTRAN,  although  it  interprets 
the  coaoands  line-by-line  rather  than  coopiling  a  collection  of  commands  before  running  theo 
a»  with  normal  FORTRAN.  The  sane  language  car.  alsc  provide  all  of  the  commands  necessary  to 
drive  highly  interactive  progress,  suds  as  those  thai  can  be  used  with  a  graphics  terminal. 


•Figure  4.  F.P.D.S.  data  access  mechanism. 

4.3  PLICATION  FkuGKAMS 

The  actual  calculations  are  carried  out  by  a  series  of  computer  programs  designed  with  u 
standard  fora  of  interface  to  the  rest  of  the  system,  across  which  data  and  running  instructions 
are  passed.  These  programs  are  constructed  such  that  they  can  be  run  individually  (e.g.  a  profile 
drag  analysis),  can  be  used  as  a  suite  under  manual  control,  or  can  be  run  in  groups  under  the 
control  of  a  higher  level  program.  This  latter  program  night  perform  an  automatic  optimisation 
or  parametric  study.  So  the  order  of  use  of  the  applications  programs  may  be  controlled 
manually  or  automatically  and  during  a  normal  interactive  design  process  s  nuuber  of  these 
programs  will  be  used  until  convergence  is  obtained. 


The  system  can  then  be  represented  as  in  figure  5,  where  a  sequence  of  applications 
programs  oae rate  upon  the  aforementioned  aircraft  and  experience  database. 

In  general,  a  program  will  be  initiated  by  a  command  from  a  designer  or  a  higher  level 
control  program,  and  may  hi  entered  at  various  points  depending  on  the  path  to  be  taken  through 
the  program.  It  will  then  access  data  as  required  from  various  filer  on  the  date  base  and 
direct  from  the  designer  or  control  program.  During  and  after  the  calculation  it  will  output 
data  to  several  files  on  the  database  and  perhaps  at  a  terminal,  line  printer  and/or  plotter. 


'■'lgure  5.  The  interaction  be tween  applications  programs  and  the  database 


5.  IMPLEMENTATION 

There  are  two  basic  stages  in  the  creation  of  any  complex  system,  -  the  first  in  which  the 
outline  of  the  design  is  eketched,  and  the  second  in  which  the  details  are  filled  in  and  the 
system  brought  into  use.  The  first  stage  is  technically  ,’ifficult  but  oi  gnnisationally 
straightforward,  and  cany  companies  have  successfully  completed  it.  Where  almost  every  starter 
has  fallen  is  in  mounting  the  second  and  far  more  difficult  hurdle,  -  the  suceassfui  ispleeer.t- 
ation.  By  this  is  implied  a  reliable  system  in  use  by  all  those  who  should  make  U6e  of  it, 
which  car.  be  updated  and  maintained  for  a  significant  time.  During  this  period  a  large  number 
of  people  bscoae  involved  and  while  the  technical  problems  ore  straightforward  the  organisational 
problems  beeom»  severe.  A  sense  of  involvement,  culminating  in  widespread  acceptance  of  the 
system  is  essential,  and  this  is  only  possible  with  excellent  communications.  A  study  of  •  aricua 
systeos  which  had  failed  (some  of  them  our  own)  revealed  an  apparently  obvious  but  very  .ifficult 
.ret  of  conditions  which  are  seldom  fulfilled: 

•  An  experienced  designer  must  be  appointed  as  fulltime  project  leader,  with  responoib- 
ili'  y  for  forward  planning  of  technical  prioritio's*  aad  resources,  detailed  design  and 
implementation  of  the  system. 

•  For  any  particular  specialist  program  the  most  experienced  specialists  must  be  avail¬ 
able  to  decide  which  methods  should  be  used.  If  acre  than  one  design  team  is  involved, 
then  the  methods  must  be  completely  Agreed  before  programming  begins. 

•  The  abovv  conditions  cannot  be  fulfilled  unless  the  whole  project  is  initiated  at  the 
highest  oinagea^nt  level,  with  extensive  support  from  relevant  stuff  at  lower  levels. 

Hence  the  project  has  to  be  'sold1  to  a  large  number  of  managers  and  prospective  users. 

This  cosaitaent  is  not  just  for  the  year  or  two  required  to  build  the  system,  but  also 
for  the  extensive  maintenance  required  for  the  life  of  the  system*  cor  every  five  man 
years  spent  or.  the  original  programs,  one  man  will  be  required  permanently  to  update  ar,d 
maintain  them  end  in  the  volatile  life  of  a  project  office  new  requirements  arise  contin¬ 
uously.  so  a  project  leader  will  be  needed  indefinitaly  to  prevent  the  system  from 
diverging  due  to  local  developments. 
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«ith  F.P.D.o.  the ae  conditions  have  and  still  are  being  met,  despite  the  inevitable 
pressures  to  use  the  beet  designers  on  live  projects.  From  early  studies  it  was  evident 
that  the  majority  of  mathods  could  be  cade  common  for  transport,  strike  and  other  types 
oi-  aircraft,  i.i*.  all  four  of  our  design  teams  could  and  should  use  the  same  method. 
Evidently  this  should  lead  to  the  best  possible  methods  being  made  available  to  everyone, 
and  to  consistent  recults  freo  competitive  inter-sit*  studies-  (Where  th’s  was  not 
sensible  only  two  or  three  teams  would  be  interested  in  a  particular  method.)  Hence  a 
•specifier'  u  appointed  at  cne  site  for  one  or  a  group  of  metnode,  and  a  'consultant'  at 
each  of  the  other  relevant  cites.  Together  they  agree  a  specification  which  is  then 
programmed  at  tne  specifier's  site.  Tne  tasks  of  detailed  specification  and  programming 
have  been  com.iderabj y  eased  in  two  ways: 

•  Special  documentation  has  heen  produced  which  rigidly  defines  the  steps  required 
to  produce  a  program.  The  usual  glut  of  computer  manuals  are  not  used  as  the 
difficult  operations  of  data  ir.put/output  ana  describing  (to  the  operating  system) 
now  the  program  will  be  run  are  closely  defined  (to  the  extent  that  each  programmer 
starts  work  with  a  standard,  partially  completed  program  which  contains  all  the 
awkward  statements.  This  approach  is  desirable  to  obtain  a  set  of  programs 

free  many  individuals  (many  with  little  previous  programing  experience) 
which  subsequently  appear  compatible  to  the  designer. 

•  Almost  ail  program  development  is  done  online  via  a  teletype.  This  perhaps 
halves  the  manpower  required  and  reduces  the  elapsed  development  time  by  order  01 
magnitude. 

In  this  way  we  have  almost  completed  our  first  batch  of  hi  crorrams  which  cov*r  a 
wide  rang?  of  subsonic  and  supersonic  aircraft,  both  military  and  civil.  *e  art  now 
eteadiiy  filling  the  gaps  and  modifying  or  replacing  programs  to  fulfil  new  requiremen  t, 
we  expect  that  the  system  will  eventually  level  out  at  about  ?G  or  80  programs,  althiugi, 
there  will  always  be  a  steadv  turnover  as  methods  become  obsolete  and  new  ones  arise. 

To  give  an  indicat-on  of  the  structure  of  programs  and  data,  the  example  detailed  i:> 
the  appendix  is  shown  i..  part  in  figure  6.  In  this  case  a  passenger  transport  is  being 
designed.  Firstly  the  fuselage  cross-section  i6  designed  to  provide  the  required 
accommodation  standards,  and  then  thi  remaindei  of  the  fuselage  is  synthesised. 

The  wings  end  their  spars  are  added,  ar.d  then  the  operating  speed  boundary  is 
calculated,  followed  by  the  lift  curve  slope.  If  space  had  allowed,  the  remainder  of 
trie  design  (fin,  tail,  etc.)  would  have  oeen  completed,  and  drag  analysis  made.  A  further 
design  session  might  have  extended  this  through  the  remaining  aerodynamic  analysis  (flap 
efiucts  etc.)  weight,  stability,  contro'  and  performance  analysis. 

In  practice  many  iterative  design  loops  would  exic-t.  -  a  number  of  attempts  might  be 
r leded  to  obtain  a  suitable  fuselage  layout,  and  some  manual  work  would  be  necessary  to 
tneck  tha*  tne  allowances  for  toilets,  catering  and  other  areas  were  adequate.  Similarly 
centre  of  gravity  and  stability  checks  normally  indicate  shortcomings  which  require  another 
loop  back  to  the  geometric  pregrams. 

Apart  from  technical  ureas  where  our  programs  are  as  yet  sparse,  we  see  the  following 
lines  of  development: 

•  we  are  implementing  a  JD,  device  independent  graphics  package,  developed  by  the 
Department  of  trade  and  Industry’s  t-oaputer  Aided  Design  Centre  from  work  done  at 
Cambridge  University  (Heferer.ee  *•).  with  very  simple  Fortran  statements  we  can 
generate  graphs,  diagrams  and  pictures  which  can  bo  sent  to  any  plotter  or  display 
device.  Similarly  any  normal  cursor  or  light  pen  car.  be  used  to  select  data  for 
interaction  with  a  program. 

•  As  computing  power  reduces  in  cost  we  expect  tc  introduce  as  modules,  methods 
which  at  present  are  used  only  m  tne  Project  Definition  and  Detailed  Design  stages. 
For  example  these  will  eventually  include  finite  element  stress  analysis  and  vortex 
lattice  aerodynamic  analysis.  Even  though  not  required  for  conventional  designs  for 
which  correlations  are  available,  such  techniques  are  already  necessary  in  novel 
situations  e.g.  will,  carbon  fibre  structures.  The  existing  design  framework  will 
make  the  practical  implementation  of  these  methods  very  much  simpler. 

•  sc  have  not  yet  used  any  hi -her  level  control  programs  to  run  groups  of  programs. 
This  is  a  conscious  part  of  cur  development  strategy,  in  that  we  wanted  to  obtain  a 
quick  return  on  our  investment  by  being  able  to  run  each  pro  va*  as  it  arrived,  and 

to  test  each,  program  very  thoroughly  before  grouping  a  number  together.  However,  we 
shall  soor.  be  ready  to  apply  general  purpose  parametric  and  optimisation  control 
program?  (e.g.  Reference  5).  initially  with  small  groups  of  programs  and  Inter  with 
larger  groups. 

•  a  uiiilsr  approach  in  being  taken  in  the  other  areas  of  ces.gn  (feasibility 
ano  proy.-ct  definj t.ion)  and  links  will  soon  appear  upstream  and  downstream. 

Ths.se  links  will  occur  ss  cos-pat.nle  data  files:  for  exr.mp.ie  it  is  vary  simple  to 
modify  a  program  such  as  *hat  descnceu  in  reference  6  (usee  xa  tho  feasibiliW 
study)  automatically  to  lewd  the  data  lft,.ut  files  for  F.F.D.b. 
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•  We  have  not  yet  seriously  approached  the  use  of  F.P.D.S.  during  the  design 

definition  phase  for  the  frequent  and  rapid  assessment  of  the  situation  by  the 
type  designer.  The  intention  is  that  the  latest  estimates  of  drag,  weight  etc., 
(produced  from  a  mixture  of  tests  and  predictions)  should  be  fed  periodically 
into  a  fast  evaluation  program,  which  would  indicate  guarantee  margins  and 
enable  the  type  designer  to  reoptimise  any  remaining  design  variables  that  are 
not  frozen  (Reference  7). 

0  A  simple  device  will  be  incorporated  greatly  to  improve  project  control 

and  security.  Every  ti  le  a  program  is  run,  information  will  be  appended  to  an 
aircraft  file  giving  the  'ate,  time,  program  name  and  version,  input  and  output 
data  file  names  ar.d  versions ,  and  other  relevant  data.  Over  the  period  of  the 
design,  a  complete  record  will  o^'vnaticany  be  compiled  which  will  give  a 
complete  description  of  the  methods  and  data  used  in  ^he  design.  This  could  be 
used  to  reconstitute  lost  data,  to  clarify  how  answers  were  obtained  and  to 
give  the  type  designer  information  on  whether  or  not  work  has  been  done  by 
specialists. 


The  philosophy  of  minimal,  but  specialised  documentation  is  also  employed 
in  equipping  the  designer  to  use  the  system.  All  a  potential  user  requires  is: 


1.  A  short  tutorial  on  the  basic  use  of  terminals. 

2.  A  user  manual,  which  describes  the  system  philosophy, 
how  to  run  programs,  how  to  maintain  the  database  and 
particular  running  instruction  for  each  program. 

3.  Reference  manuals  containing  a  detailed  description 

of  the  methods  used  in  each  program  and  r,  ?  the  data  file 
formats. 

With  the  simple  interface  provided  to  the  designer,  education  time  is 
measured  in  hours  rather  than  days,  and  the  main  topics  are  how  to  sake  the 
best  of  the  new  techniques  (more  iteration,  data  base  management)  rather  than 
the  basic  mechanics  of  the  job. 


7.  COST  AND  BENEFITS 

In  designing  the  system  one  naturally  has  to  look  at  the  complete  operatic-  of  the  relevant 
departments.  From  this  study  were  extracted  simplified  models  of  typical  design  operations  such 
as  that  shown  in  figure  7.  From  these  it  was  possible  to  evaluate  how  a  system  of  given 
characteristics  would  be  likely  to  affect  tne  performance  of  the  lelevant  designers,  and  how  it 

would  affect  their  work  pattern  and  environment.  *e  were  not  in  business  merely  to  speed  and 

increase  the  flow  of  useless  data  to  the  designers,  nor  to  bury  then  in  a  sea  of  computer  cards.  Also 
we  did  not  var.t  to  see  them  reduced  to  a  neurotic  «tate  by  clattering  teletypes  nor  see  them  turned 
ir.to  punch  clerk3.  The  system  has  four  major  a.  .. 

•  To  reduce  the  time  and  effort  required  to  carry  out  standard  calculations,  as>d  to  do  them 

more  reliably  ar.d  consistently.  This  of  course  was  the  original  use  to  which  technical 
computers  were  applied. 

•  To  store  data  cheaply  and  securely,  and  to  make  possible  the  rapid  access  cf  any  item  of 
data  from  a  large  database. 

•  To  provide  a  system  for  the  passing  of  data  between  specialists  with  minimum  fuss. 

•  To  minimise  the  effort  required  to  develop  and  implement  new  design  techniques,  and  to 
make  these  new  techniques  available  to  all  designers  quickly. 

The  chosen  solution  is  very  much  a  computer  based  system,  to  the  extent  rhat  there  is  little 
need  for  the  designer  to  keep  paper  records  (all  data  can  be  rapidly  recalled  via  a  terminal). 

As  terminals  are  still  relatively  expensive  it  cay  initially  be  cheaper  in  cany  cases  to  maintain 
a  paper  file,  but  this  is  not  the  master  copy  of  the  data,  and  can  be  discarded  as  terminals  and 
on-line  computing  become  cheaper. 

It  was  found  that  slightly  core  than  half  the  members  of  our  project  groups  would  be  directly 
affected  by  the  introduction  of  the  system  -  the  remainder  are  involved  with  'one-off  resca/ih  nrd 
development  items  (mostly  particular  problems  which  exist  on  a  configuration  under  study)  ana  with 
administration.  The  savings  in  effort  realised  on  a  relatively  conventional  study  (where  prorraras 
exist  lor  all  the  important  calculations)  are  of  course  diluted  when  a  novel  aircraft  is  being 
studied.  The  dilution  is  reduced  by  designing  the  system  such  that  a  particular  calculation  can  be 
done  by  hand,  with  a  minimal  effort  being  required  to  extract  the  necessary  data  from  the  database 
and  to  return  the  results  to  it  later. 

These  studies  led  us  to  the  conclusion  that,  compared  with  existing  methods  we  should  save  30* 
of  the  elapsed  time,  3%  manpower  and  of  cost  for  a  given  typical  task.  These  figures  should 
improve  with  time  as  core  automated  cortrol  programs  become  available,  but  are  still  dependent  on 
the  degree  of  novelty  of  the  project.  The  cost  savings  alone  produce  a  handsome  return  on  investment, 
with  the  positive  cash  flow  starting  after  about  three  years. 
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Figure  ?.  Flowchart  of  typical  project  study  activities. 


In  addition  there  are  other  less  quantifiable  benefits  which  stay  prove  to  be  core  important: 

•  The  designer  can,  at  last,  obt;;n  reasonably  accurate  answers  in  a  realistic  time 
scale  to  such  questions  as  'what  happens  if  I  cove  the  engines  outboard  by  n.n  retres'. 

The  usual  argument  that  the  designer  will 'lose  his  feeling  for  tne  basic  calculations' 
is  more  than  counteracted  oy  the  fact  that  he  will  gain  a  substantial  feel  for  the  total 
calculations.  In  any  case,  the  basic  calculation  method  will  be  better  documented  than 
ever  before. 

•  aach  individual  program  will  have  been  carefully  developed  and  widely  tested,  so  that 
the  reliability  of  the  answers  will  be  greatly  improved.  «  have  all  experienced  programs 
which  have  little  or  no  documentation  and  testing,  which  seem  to  work  when  driven  by  the 
right  person,  but  upon  which  we  never  care  rely  too  neavily.  Also,  as  many  different 
studies  will  now  use  the  same  calculation  method  the  comparison  of  results  will  be  vastly 
easier.  This  consistency  will  reduce  doubts  and  shorten  timescales. 

•  The  work  pattern  of  a  typical  designer  snould  improve,  as  a  great  deal  of  clerical 
work  (seme  calculations,  but  also  cost  data  collection  and  dissemination)  will  disappear. 
Instead  more  time  will  be  devoted  to  digesting  results  and  to  directing  the  course  of  a 
study,  and  the  specialists  will  have  far  more  time  to  investigate  the  particular  problems 
of  a  configuration  and  to  develop  new  methods.  *o  especially  hope  that  these  particular 
benefits  will  accrue,  as  it  is  all  too  rare  to  i.ee  'automation'  used  deliberately  to 
improve  the  'quality  of  life'  of  hard-pressed  designers  (Reference  8). 


8.  COKCL’JSIOKS 


Into  this  paper  are  condensed  some  of  the  more  important  results  of  a  major  attempt  to  improve 
design  efficiency  in  one  particular  area.  Thus  far  the  attempt  has  proved  tc  be  successful,  due  to 
technical  and  managerial  approaches  from  which  we  believe  o'^ers  may  stand  to  gain. 

within  our  constraints,  we  have  built  a  system  which  should  support  our  Future  Frojects  teams 
in  applying  the  new  generation  of  design  techniques  for  the  foreseeable  future.  Sot  only  can  the 
designer  perform  a  single  calculation,  but  he  can  also  perform  more  complex  processes  and  interrogate 
or  administer  the  database  using  the  same  language. 

The  Project  btudy  stage  of  design  has  been  chosen  for  the  first  implementation  of  such  a  system, 
but  the  technioues  are  equally  anprj  -  . ^t  r  •  ,^es  and  are  being  applied. 
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APPENDIX  1 

This  is  a  short  example  of  the  use  cf  the  'Future  Projects  Design  System*  designed  to  demonstrate 
the  facilities  available  rather  than  a  typical  design  session.  The  commands  are  all  in  their  shortest  form 
(as  a  practised  designer  would  use  them).  The  quantity  of  input  is  seen  to  be  greatly  reduced  once  the 
•synthesis'  stage  is  completed  and  the  'analysis'  phase  begins,  reflecting  the  gains  introduced  by  the 
automatic  accessing  of  previously  generated  data.  The  time  involved  is  about  35  minutes. 


(user  input  is  underlined) 


time 

i 


invitotion  to  type 


-INput  the  file  SEATLAYOUT,  with  o  version 
number  1  greater  than  the  previous  highest, 
to  be  Terminated  by  //// 


16.  £7.  80-  1.1  faEAlLAY  llUK  <  Dpi//// 

-  «M  3 

-  *MS+0.3 
-14  122  0 

*  JL-Ui2_.fi. 

-  0  G  18£ 

-  *  SA-*  0,  l  I 

-  2  £  D  C 


C  0 


3  3  0 


0  0 


-  3  4  0  0.' 

-  -  Al,*  0,~  1  4 

-  2U 


0 _ u 


-  J  3  1  0  0  0 
‘  ’lb  0  C  0  0 

-  *52  0,20 


-  38  3i  n 

-  0  30  fi 

-  o  n  28 

-  0,2 

-  23  10  IS 

-  ♦iii.  *0,  2 
-£21 

-  //// 

If-.  30-32-  IN  SEATSI  XEfa(  ♦  1  ),  T//// 

-  *£V*0,  1  1 

-  25  S3  31  109 

-  21.  S  40.  1  *-3,7  77.6 

-  18.6  3b.  7  51. 1  67.  1 
- *CH*0, fa 

-lb  15.  fa 

-  1  fa  IS.  fa 


the  data  it urn  *N  is  given  the  value  of  3. 

*NS  hos  elements  0  to  8,  with  values 
14,  122.  o>  0,  152,  0,  0,  0,  180.  NS  is  a 
mnemonic  for  Number  of  Seats.  The  volues 
corres>ond  to  the  number  of  1st,  2nd  and  3rd 
class  seats  in  three  Glternote  layouts. 


-  end  of  file 

-  Seat  Widths  for  single,  dcoble,  triple  and 
quadruple  seats  in  each  class 


-  seat  Cushion  Height,  compressed  and  uncompressed 


-  15  15.  fa 

-  *SL+0,2 

-  28  2  5  24 

-  //// 

If.  32.08-  1 N  CL FAhAN CEb(  -  1 )  ,  1  //// 

-  *CL+  0,  1  1  ™ 

**  1*73  17*09  3_ 

-  3.35  I  8  3 


Seat  Lengths,  for  each  class 


r  Ron  the  FUselage  SECtio-'  design  program.  The  program 
I  automatically  accesses  the  latest  version  of  the  files 
SEATLAYOUT,  SEATSIZES  ond  CLEARANCES. 


i 

1C.  33.28-  r  udI--C 
16.33*52  JUb  I  fa  MuV 
-  h  7, - 


FuLLY  blAh'ilL 


at  this  point  volues  from  the  input  files 
may  be  overwritten.  I.i  this  case  no  changes 
o,-e  -equired,  so  E  and  Z  are  input  to 
Enter  the  program  and  then  stop. 


1ST  CL  A  fa  S- 

4-ADhEASI 

VI  7*1  1 

X 

20. 0"  AISLE' 

fa) 

TOLT.i  ST- 

6  ,, 

,,  1 

X 

Ifa. 0”  ,, 

FCOMGKY- 

7  ,, 

,,  1 

X 

15. 0"  ,,  - 

standard  output  from  the  program 
to  the  terminal 

SrCTICW  MAX. 

FX7E1-MAL 

VI  LTri 

12F7-  4.0I.M 

( 12.33F7) 

FhAME  Ltr-TH 

♦  SKIM  7HICKMESS 

3  •  1 1 .1 

C  0.048IN.  GAUii  SKIN) 

u.IM  TmICKNFSS 

0  «8  IN 

1NSI  DE  HAbI  US 

70. 1IN 

H.0Et  DEbTH 

IsELOV  CEN 

THE 

18.5IN 
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nev  version  o(  the  file  DESEXTBOOSEC  is 
x-  ^  created,  which  contains  the  fuselage  section 

IISl-'LAY:  DESIX TbODiiE.CC  - 0 >'"ChEAT  t-L  description. 


U  SPLAY  S  1  USECPC  -  0 )  CHEAT  EL 
1Mb  01  MACRO 
RMT  01  MACRO 
If.  35.  37-  I'bS.-C 
*  ♦CL-r^  16  E  Z  ' - 


ibT  CLASS- 
lOuRI ST- 
H'Q'H'MV- 


4-Abl.EA.S  r 
6 

V  s# 


4  I  1H 


-  associated  with  each  progress  is  a  file  which 
contains  additiond  output  details,  and  which 
oim  he  listed  ot  the  terssinol  or  lineprinter  as 
re  ,-nred. 

the  saaie  prog  roe  is  rerun,  this  ties  with 

eleaent  2  of  CLearonces  Modified 


1  X 


23.  O' 
:  5.  o* 
j  5*  O' 

1211- 


AISLEfS) 


tC  16. 


S-.TIw-J  K  AX  -  EXTREMAL  YlbiH 
HAMt  DEPTH  ■>•  oK !  K  1111  CKtJEV. 

ThI.S  1ilICKsJl.it 

IM^i  01.  iiADI  bb 

(Li.'Uh  S/tl’IH  fcaiil  CFMTRR 

□  SPLAY:  L-LSFXIbODSECC-O)  CREATED 

U SPLAY:  1  ijS*-Cr(  -  0,  CREATED 

iMb  01  MACRO 

Bit  oi  macho 

16.37.SS-  FbSRL 
*  L — L. 


2*  61  N  1 12.C21 T) 

3.1IM  (O.OACIM.  GAbGE  SKIM) 
0  »  8  !  M 
69. 4IM 
19-91M 


HvSf  •  WAX*  Z/TH 

121 T-  P.fcIM 

CASE  1 1  - 

FbSELAUL  LENGTH 
CLMFRJSING:- 

U6F1-11.  VIM 

:LI  GrtT  DECK 

12FT-  C.OIM 

CAD  IN 

8611-  l.rfIM 

TAIL  -iCCiE 

181 f-  3.9IM 

3 VICED  STRbCV.-RALLY  UTO:- 

E'i.LARD 

2 1  <  ■  1  -  3 . 7 1 S! 

DEM  IRE  (CYL-) 

53 IT-  7.81M 

liAR 

361 T-  7.81M 

CASE  2:- 

1LSELAGE  LE.MGTH 

(ATE  3:- 

13411-  1.71M 

FLVLAbt  LE-'JGIH 

1 G91T-  2.CL.- 

-  run  the  FUSEloge  Layout  program.  Tiis  usee 
the  iaeo  input  fil»s  as  F  ‘-EC,  together  with 
the  nev*ly-Ci  doted  .TESEXTBCviEC. 


( SEAT IMG  7311-  3-CIM) 


U  SPLAY :  Dl,SiXU*QbRMD'  -Q)  CREAitD 


LEiiXTbOWSl  U-C:  CJ.EATEb 
DFSEXTlFG<-3>  CHAT  ED 
ERSEXTClGMUIt-O)  CRRAIFb 
IDS-LK-O)  CREATED 


U SPLAY: 

3  SR  AY: 

U SPLAY: 
a  SPLAY: 
b;l  ei  KAChO 

Sib  Of  MACRO 

•6.  A0« 51  -  IM  VfMLDATAC *1 ). 1//// 
- 

-  «  5  1  Ay  3 

-  i 


onother  doto  file,  as  required  by  the  WING 
design  progroa 


♦  GAMMA  1. 


> fYV.lSl 

CAMCtL''  *TW!  SI  C-  5 

-  tXEATLK  58.5 

-  * VIP  2 

-  «  TORE  .  1  47 

-  *  YCK  . 131 

- C£X--.±sLS. 

-  //// 

16.  A3.  33-  LI  MG 


-  on  incorrect  line  can  he  corrected  by  the 
CANCEL  key. 


MU-iSER  01  PAM  EL  3  = 

IMPliT  AREA 
IMPbT  ASPECT  RATIO 
WMG  SPAM 

MAX.  w!  DTH  01  ELSE..  = 
a  PL  AM  in- 
DISPLAY:  PLSEX TFAMC -0  > 
ADDCFGWJGC-O) 
ADT3CFGMUK1«MG(-  0)  CREATED 
AODL'ER»MG(  -  0  )  CREATED 


3  SPLAY: 

Tl  SPLAY: 
a  SPLAY: 

£J  SPLAY: 

&0  OF  MACRO 
BID  OF  MACRO 


138.704  SQ.M  1490*00  SC»?T 
6.  440 

89.367  M  98.05  FT 

3.724  M  12.22  FI 

x*the  ADO  files  ore  those  which  »oy  be 
CREATED  /  appended  to  existing  files.  This  is  not  done 
I /  except  by  explicit  use  of  the  AD0WIN5  macro 

or  o  CopY  command.  This  avoids  the  appending 
of  unwonted  data  to  sn  existing  correct  file. 


CREATED 


iilNGPt-O)  CREATED 


EXD^GF  “  0  s*,n8^°  charoctor  con  be  erased  by  a  4 

16.  47.  01  *■  CY  AUDDEHWNLt  -  0?.  *  i  > 

i6lf-r.T2“  ^  '  Tun  ths  SPAR  d0:,i8n  PWflW* 

-■*  ~£  , ,  “  oil  the  necessary  *i*v  dote  is  input  at 

~  ii-i — i2ii _ £X<_ OS  *  Y 3  •  9  Y )  run  .ice. 

-*Ki  .1186  «h2  .324  «R3  . 54 
-  *11  -  222  »Kg  -33  *73  .52  E  Z 


O SI-LAY:  DESI N T  PAM S1'A<  - 0  )  ChrATEI.' 
a SPLAY t  SPAHPC-0)  CHEATED 
EJD  OF  MACHO 
_HtfD  OF  KACHG 

16.49*55-  LF^SPAPP'-O?  '  ~  the  e 

no.  Of  SPAHS  =>  3 
SV.hl  HAS  0  K!MK£  S) 

06F1J  YCFT)  HFL.  10  WING  DATUM 
MNEh*:2.65  -0-25 
CDTEH  18  •  64  41.50 
SP4P.2  HAS  0  KINK(S) 

XCFT)  Y(  F  T>  HU..  10  WIND  FA 
BMW:  -7.23  -0.25 
OJTEH  0«89  "A. 8  0 
SHAH 3  HAS-  0  KINXCS) 

XiF  .  Y<FT)  )-.£L.  10  WING  LA 
INN  EH  -  I  •  7  ’  *1’  .2b 
QjTEH  20*8  1  41.50 

16*  50.48-  VfilO  _  tfje  Yr 

365  *K«Q  .8  7  E  Z  -  new  d< 


“  the  extra  output  i*  Listed  fro*  File  SPARP 


10  WING  LATUM 


10  WING  DAT'M 


-  the  fptxiftvsi  Operating  speed  p rogroe  is  run 

-  new  deto  is  inpot  at  run  time 


SPEEDS  ACCEPTED 

TMO  =  36b. 00  Kl.CAS  XliO 

KINK  ALTITUDE  »  £5  714.  3  A  FT. 

USPLAY*  SLMSHC(-O)  CHEATED 

a  SHLAY  J  VM  OPC -  0 1  CHEA Tfc  D 

HND  OF  MACHO 

EJD  OF  MACHO 

1C-.  54*  30  -  LF  WMQP(-Q) 


XMO  -  0.8  70 

l  FT*  V  -  34b. 08  Kl«  FAS- 


IMO  =  36b.  00  KT.CAS 


GH T<  FEET) 

v  CKTS.EAS5 

0.  0 

304.  7 

16 A0. A 

363.8 

3280. S 

303.0 

A921.3 

302.2 

6561 . 7 

301.2 

8202.  I 

360.2 

98A2- b 

359-3 

U  A8  2.9 

358. 1 

13123. A 

350.9 

l  A7  63-6 

355.  6 

i  6A0  A.  2 

354.2 

13GAA.  6 

352.8 

1 9  68  b«  0 

351.4 

21325.  S 

349.  7 

22965.9 

34S.  0 

2A606. 3 

340.  3 

2571  A.  3 

345.  1 

20246*  7 

341.0 

27887. 1 

328.8 

29527.6 

316.9 

31168.0 

30  5.2 

328  08.  A 

29  3.9 

34448*8 

282.8 

30089.2 

271.9 

37729*7 

261.4 

39370. 1 

251.3 

41010. b 

241. 6 

42650*9 

832.2 

4429 1 . 3 

223.3 

45931.8 

214.6 

47572.2 

206.3 

49218-0 

19S.4 

KMC  =  0.8  76 


-  the  extra  output  is  Listed  from  File  VM0P 

n  .  u  i  f. 


16.  56*41-  LCS,  -  run  the  Lift  Curve  Slope  prog  roe 

AIRFI  ELDt  MACHNO  *  2*1,1  F  TSLQPE  4.34  /hAD 

QOS/MACHMO  INTERSECTS  MACHNO  0.8  70. LI  F  TSLDPE  5.69  /HAD 

a SPLAYS  AERCLNC-0)  CREATED 

OSFLAY:  A DDDES DEli  WN  G  C  -  0  >  CREATED 

a  SPLAY:  LCSP<-0)  CREATED 

BJD  OF  MAChO 

BJD  OF  MACRO 

16.  58-12-  LF  LCSP(  -  0? 

ELUI  VALENT  V I f J G ♦ 

S>AN  =  98.  0  6  FT 

ffi EA  =1546.9  0  SO  FT 

ASPECT  RATIO  =  6.22 

TAPEFi  RATI  O  =0.  170 

HI CKNESSs  CH  CIRR  liATItl  =C.  135 

OARTER  CHORD  SLEEP  =32.7 

S-M.C-  =15.87  FT 

A-M.C-  =18.54  FT 

YEAR  J8.72  FT 

XLAR  =21.15  FT 

HAMETER  =  7.59  I-T 

U  FT  CURIAE  SLOPE  V-S.  MACHNQ: 

3.396  0.00 

4.  156  0-05 

4. 244  0.10 

4.297  0.15 

4.341  0*20 

4.38  4  0  .  25 

4.429  0.20 

4. 479  0.35 

4.535  0.40 

4.  596  0  *  45 

4.669  0-50 

4.75!  3-55 

4.846  O-oC 

4- 955  0.63 

5- 082  0.70 

5.352  0-75 

5.941  0-80 

5.932  0-85 

5.338  0-90 

16- 59-53-  CY  ADDLESDERWV6(  -  0)*  DESDERVMGC  •  'ICAPPEND 

17.  00.42-  Fi.  FLSECP  _  ERcse  unwantf  >  files  -  the  extro  output  files 

17- 01.11-  Ej._.FOj>LC£  ore  not  port  f  the  data  base,  and  are  normally 

17-01.18-  ER  FLSELP  erosed. 

17.01.26-  EP.  LINGP 
17.01.33-  ER  SPAliP 
17-01.46-  ER  DM  OP 
17.01. 55-  ER  LCSP 
17.  02.  05-  LT 


Log  ouT 


DESIGN  EVOLUTION  OF  THE 
BCEjrvG  2 '*07-300  SUPERSONIC  TRANSPORT 


Part  I 

Configuration  Development.  Aerodynamics, 
Propulsion,  and  Structures 

by 

W  C.  Swan 

Director  of  Engineering  Technology 
Boeing  Commercial  Airplane  Company 
P.O.  Box  3707 
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SUMMARY 

Detailed  cycling  of  a  wide  rsnge  of  potential  aircraft  configurations  against  design  requirements  and  criteria  characterized  the 
evolution  of  the  preliminary  design  of  the  Boeing  2707  supersonic  transport.  The  configuration  selection  process  consisted  of 
competitive  evaluation  of  many  variable-sweep  snow-wing  aircraft,  fixed-sweep  modified  deita,  and  fixed-sweep  modified  avrow-wing 
configurations,  Each  broad  configuration  concept  evaluated  a  multitude  of  variables  with  regard  to  such  major  items  as  wing 
planform.  nacelie  type  and  location,  and  canard  and/or  aft  tail  arrangement  and  geometry.  Promising  configurations  were  thoroughly 
analyzed  with  comprehensive  wind  tunnel  testing  and  in-depth  engineering  analyses  within  all  technical  disciplines.  The  preliminary 
design  process  deeply  involved  the  development  of  new  analysis  methods  and  the  adoption  of  new  approaches  to  commercial 
airplane  design  io  achieve  maximum  performance  and  operating  efficiency.  The  final  configuration  selection  represented  the  best 
compromise  between  achievement  of  optimum  supersonic  cruise  L/D,  minimum  structural  weight,  optimum  low-speed  performance 
and  minimum  community  noise. 

This  pacer  wgl  trace  the  history  of  this  design  activity,  noting  areas  where  failure  and/or  misconception  occurred  due  to 
insufficient  knowledge,  and  relating  hew  such  shortcoming:,  were  corrected  or  avoided  in  subsequent  configuration  evaluations. 
Finally,  attention  is  invited  to  selected  areas  where  preliminary  design  too's  could  be  improved. 


lN-j.-OBUCnON 

Any  review  of  current  preliminary  design  methods  for  modem  multipurpose  aircraft  must  include  the  cancelled  United  States 
supersonic  transport  prototype  program.  particularly  the  methods  ar.d  constraints  which  led  to  the  Borirg  2707-300  configuration. 
The  unique  reasons  for  the  importance  of  a  review  of  the  methods  used  in  this  configuration  selectio..  are  (1)  this  program  was  a 
classic  example  of  a  purposely  chosen  high-risk  technology  effort,  and  (2i  the  program  would  have  consumed  over  Si  billion  m  funds  in 
the  prototype  phase,  and  cld  expend  over  26,C0d  wind  tunnel  hours,  and  a  consiucraole  amount  of  one  contractor’s  energy  for  a  period 
of  over  1 4  years.  The  Soeing  engineering  manpower  alone  at  the  time  of  program  cancellation  was  approximately  3000  employees,  and 
70%  structural  drawing  release  to  manufacturing  had  beer,  readied,  with  the  first  major  aircraft  structural  wing  panels  already  completed. 
Thus,  although  the  program  was  unfortunately  terminated,  a  case  history  of  the  preliminary  design  activity  which  led  to  the  2707-300 
configuration  is  felt  to  be  of  value  when  considering  ,  ossible  revisions  to  methods  in  use  today  to  exploit  advanced  technology  int<-  new 
complex  aircraft  system 5. 


BRIEF  HISTORY 

The  Boeing  SST  effort  began  in  '  >57  at  the  conclusion  of  the  B-70  competition,  and  a.  a  time  when  the  was  first  being 
rendu  d  for  commercial  service.  Initial  efforts  were  at  Mach  3.0.  using  a  fixed-delta  aikfee!  configuration  with  a  canard  for 
longitudinal  control.  As  shown  in  figure  1,  this  effort  was  soon  expanded  to  encompass  the  arrow-wing  and  variable-sweep  concepts 
in  early  I960  and  to  broaden  the  speed  range  between  Mach  2  0  and  3.0.  Tiunium  was  introduced  during  this  period  to  offset  at 
least  a  12$  weight  penalty  required  by  high-strength  steel  alloys.  A*  Resident  Kennedy’s  suggestion  in  mid- J  963,  NASA,  with 
assigned  ground  rules,  started  initial  efforts  in  a  national  program  through  competitive  studies  of  four  uniquely  different 
configurations  shown  in  figure  1 .  A  year  later.  Resident  Johnson  designated  the  FAA  {later  the  Department  of  Transportation  SST 
Pro  cram  Office)  as  the  responsible  agency  to  conduct  a  competition  for  a  full-scale  preproduction  prototype  program.  Boeing  chose 
to  concentiaie  manly  on  the  variable-sweep  concept  at  that  time  because  of  its  opportunities  for  improved  low-speed  performance 
and  consistency  with  existing  airline  airport  operations. 
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During  the  next  3  years,  many  three-  and  four-engine  arrangements  were  compared,  with  substantiating  wind  Junnri  data, 
against  continually  revised  design  criteria  and  operational  requirements,  as  noted  in  figure  2.  Smaller  competitive  efforts  in  modified 
delta-  and  arrow-wing  configurations  were  carried  out  at  the  same  time. 
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Figure  1. -Boeing  SST  Program  (1957-64) 


Figure  7.- Boeing  SST  Prog -am  (1964-661 


Finally  in  late  1966,  the  competitive  variable-sweep  con¬ 
figurations  were  narrowed  down  at  Boeing  to  one  integrated 
wing-tail  arrangement,  the  270?- i 00  with  engines  aft  (see  fig.  3). 
This  concept  evolved  from  hot-gas  tail  impingement  at  high 
angle  of  attack  at  supersonic  conditions,  tail  suckdotvn  at 
takeoff,  and  iocked-in  pitclmp  experiences  encountered  with 
body-  ar.u  wing-mounted  engine  installations  on  all  previous 
configurations  which  employed  horizontal  tails.  Because  of  strict 
adherence  to  handling  qualities  and  stability  established  by 
subsonic  jet  design  practice,  it  was  found  impossible  to  avoid 
either  a  horizontal  tail  or  a  canard  with  the  long-body  250-plus- 
psssenger  configurations  under  consideration. 
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Figure  3 -Boeing  SST  Program  (1966459) 


Whep  the  2707-100  configuration  was  selected  by  the  U.S.  Government  in  1966  for  further  development,  a  period  of  9 
months  was  established  to  validate  the  concept  before  a  oesign  go-ahead  was  to  take  place.  Detailed  refinement  took  place, 
supported  by  testing  in  all  critical  areas,  including  a  full-scale  fa-i-safe  pivot.  For  the  first  time,  a  fully  integrated  aeroelastic 
analysis  of  an  SST  configuration  was  executed  in  sufficient  depth  to  ob<ain  realistic  structural  sizing  needed  to  support  releases 
to  manufacturing.  At  this  time,  Boeing  was  designing  a  very  slender  aircraft  over  300  feet  long  (football  field  length).  Aeroclastic 
deflections  under  limit  load  were  found  to  cause  changes  in  pitching  moment  of  the  sme  order  as  the  rigid  data  itself.  Hence, 
it  proved  necessary  to  account  for  the  complete  impact  of  all  significant  inputs  to  the  aeroclastic  analysis.  inJuding  hydraulic 
fluid  elasticity,  before  proper  fixed  and  movable  surface  sizing  could  be  made.  The  ineptness  in  the  existing  computer  systems 
became  evident.  There  were  lengthy  turnaround  delays  for  a  single  cycle  of  critical  data  intended  to  establish  whether  the 
configuration  seroelastically  converged,  due  to  design  changes,  within  the  established  design  criteria. 


It  became  apparent  after  the  allotted  9  months  for  configuration  firm-up  that  even  with  the  addition  of  s  canard  (wins  its 
aCendant  weight,  complexity,  and  added  body  stiffn  ss)  to  achieve  reasonable  aeroclastic  forgiveness,  tb"  weight  of  the  final 
produU  yielded  a  noneconomic  commercial  aircraft  when  compared  to  the  original  Boeing  SST  program  goals.  With  DOT-SST 
project  office  concurrence,  it  was  decided  to  reopen  the  configuration  selection  rrocess  fo.  1  year  under  rigid  government  and 
Boeing  review  controls,  and  to  accelerate  the  ability  to  cycle  given  designs  and  conduct  trade  studies  on  configuration 
alternatives.  It  also  was  decided  to  separate  the  prototype  and  production  programs  to  allow  the  prototype  design  to  proceed 
with  added  technical  risk  tc  support  a  better  psrforfnance  objective.  This  decision  was  based  on  a  sober  understanding  of  the 
aeroclastic  influence  on  ultimate  design- 


IXiring  1968,  a  comprehensive  reevaluation  of  configurations  was  conducted  in  a  “hot  room"  environment.  This  included 
modified  arrow-wing  concepts  (SCAT  1 5F>,  modified  deltas  (969-6),  and  variable-sweep  alternatives  (both  inboard  and  outboard 
oivot  arrangements)  aimed  at  reduced  weight.  An  instantancou'  status  of  each  configuration,  compared  to  the  competition,  was 
sv*;laK. .  Each  concept  was  evaluated  against  the  constantly  revised  design  and  safety  criteria  and  operational  requirement*. 


Finally.  the  competition  narrowed  down  to  a  moderately  outboard-pivot  twin-pod  design  (969-404)  and  a  modified  delta 
(969-302;  which  employed  separate  pads.  Both  configurations  by  this  time  had  chosen  anificial  stability  in  all  axes  as  needed  to 
maximize  performance.  In  the  ultimate,  due  to  its  Simplicity  and  better  understanding,  the  2707-300  was  bom-approximaidy  12 
years  after  the  Boeing  SST  effort  started. 
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The  low -speed  operational  goals  of  the  arrow-wing  concept,  including  noise,  could  not  be  realized,  and  the  weight  and 
aeroelastic  properties  of  the  required  large  wing  area  resulted  in  an  uncompetitive  design,  even  though  the  supersonic 
aerodynamic  efficiency  was  the  best  of  ai  configurations. 

This  paper  will  now  review  the  developments  iri  technology,  based  on  the  targets  selected,  which  occurred  during  the 
progress  of  the  SST  program,  and  the  technological  conflicts  which  developed  as  that  design  proceeded  to  completion  This 
technical  data  is  predated  only  to  illustrate  the  configuration  integration  and  management  tasks  which  resulted  at  this 
regh-technology  design  was  evolved. 


TECHNOLOC-Y  ASPECTS 


From  the  very  onset,  the  Boeing  SST  program  aimed  at  achievement  of  maximum  technical  performance  on  the  premise 
that  attractive  airline  economics  could  only  b:  achieved  by  that  goal.  It  was  soon  realized  that  it  would  be  more  attractive  to 
design  a  high-risk  prototype  first  and  to  make  changes  in  the  production  design  based  on  prototype  costs,  flight  test,  anti  airline 
evaluation. 


Although  the  purpose  of  this  paper  is  to  emphasize  design  integration  and  management,  the  advanced  technical  features 
dominated  design  decisions  and  so  merit  special  consideration  here. 


Configuration  Aerodynamics 

The  prime  conflict  in  competing  confutations  throughout 
the  program  dealt  with  operational  constraints  and  objectives  in 
the  low-speed  mode  with  those  at  supersonic  speed.  The  excel¬ 
lent  supersonic  and  high-lift  characteristics  of  the  very  low- 
aspect  ratio,  highly  swept  slender  wing  were  well  understood. 
Such  a  wing  has  low  drag  at  supersonic  speeds  and  can  generate 
high  lift  at  low  speed  by  clearing  strong  vortices  at  its  sharp 
icading  edge.  It  was  clear,  however.  th3t  lift  generation  with 
leading-edge  vort.ees  in  the  takeoff  and  landing  modes  would 
make  it  difficult  t0  achieve  low  noise  goals.  Further,  it  had  been 
assumed  that  sonic  boom  would  make  overland  supersonic  flight 
undesirable,  and  achievement  of  high  subsonic  aerodynamic 
efficiency  then  became  an  important  design  objective.  This  ruled 
out  the  very  low  aspect  ratio  of  the  slender  wing  and  tile  search 
was  launched  for  a  different  type  of  wing  planform- 

The  highly  swept  arrow-wing  enthusiasts  supported  the 
subsonic  leading-edge  configouttcus  srd  variable  sweep  concepts 
to  maximizt  supersonic  pei  'ornui.rc .  as  well  zs  subsonic  per¬ 
formance.  Those  who  favor  rd  .  >ximt)romiv  to  retain  the 
known  flight  characteristics  of  cor.  ;.r>po*  **y  military  supersonic 
airplanes  and  those  more  nearly  ar-  -vcritcd  with  the  existing 
subsonic  transports  leaned  toward  the  modified  delta  concepts: 
sec  figure  4. 

Figure  5  shows  the  supersonic  maximum  L/D  comparisons 
obtained  for  various  wing  geometries  considered  during  iilis 
program.  For  the  same  wing  area  and  thickness  ratio,  the  highly 
swept  configuration  demonstrated  (L/D;  in  the  9-10  range  at  the 
cost  of  increasing  structurel  aspect  ratio  for  a  given  span.  At 
subsonic  speed,  the  L/D  increases  with  span  for  constant  wing 
area  as  shown  in  figure  6  but  when  the  sweep  of  the  wing  is 
high  the  cost  of  span  in  terms  of  wing  weight  Is  also  high. 
Figure  7  shows  a  preliminary  assessment  made  in  1961  of 
aircraft  employing  the  competing  concepts  based  on  available 
data  a!  that  time.  It  showed  that  at  a  maximum  payload/rangc 
requirement  the  operating  field  lengths  of  interest  would  not  tie 
met  efficiently  with  the  fixed-arrow-wing  concepts,  whereas  the 
debate  between  the  variable-geometry  and  the  modified-dclta- 
wing  concept  prob  tbly  could  be  resolved  only  through  complete 
design  integration. 
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Figure  4. —SST  Wing  r lan  forms 
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Figure  6. -Effect  of  Span  on  Aerodynamic  Efficiency  at 
Subsonic  Speed 
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Once  it  was  assumed  that  variabit  wing  sweep  would  produce  the  necessary  span  for  efficient  subsonic  flight  and  acceptable 
takeoff  and  landing  performance,  supersonic  flighv  efficiency  favored  the  highly  swept-arrow  wing.  For  a  given  thickness  and 
cruise  Mach  number,  the  higher  the  sweep  the  lower  the  wave  drag.  Conversely,  for  a  given  cruise  drag,  the  thickness  of  the 
wing  could  be  greater,  and  it  was  hoped  that  this  effect  would  offset  tne  anticipated  structural  weight  penalty  and  fuel  volume 
limitations  of  variable  s>  ,*p.  Although  thickness  and  sweep  are  important  m  the  determination  of  wave  drag,  the  distribution  of 
thickness  is  also  important,  as  shown  in  figure  8.  As  it  turned  out,  the  features  necessary  to  accommodate  variable  sweep  in 
detail  had  a  tendency  to  intluence  this  effect  adversely.  Furthermore,  with  the  variable  sweep  pivot  m  the  wing,  an  important 
Joss  of  useful  wing  volume  resulted  so  that  additional  thickness  had  to  be  provided  to  recover  this  volume  for  fuel.  The  highly 
swept  arrow  wing  derives  a  major  portion  of  its  supetsonic  aerodynamic  efficiency  from  its  potential  for  law  drag-due-to-lift 
factor,  as  shown  in  figure  9.  When  the  sweep  is  high  and  the  flow  at  the  leading  edge  subsonic,  it  is  possible  to  shape  the  wing 
so  that  the  outboard  portions  arc  tailored  lo  operate  in  the  flowfield  of  the  inboard  portions  of  the  wmg.  As  shown  in  the 
figure,  this  tailoring  is  essential  because  in  its  absence  a  drag  penalty  occures  that  more  than  cancels  thr  potential  benefits  in 
drag  due  to  lift  of  the  highly  sv.ept-arrow  wing.  Factors  that  affect  this  problem  strongly  include  aeroelasticity  of  the  wing  as 
well  as  tne  goemetric  constraints  of  variable  sweep,  and  it  became  difficult  tc  arrive  at  a  satisfactory  solution. 
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figure  7. -Effect  of  Configuration  on  Lov/Speed  Performance  Figure  8. -Wing  Thickness  Development 

From  the  poirt  of  view  of  supersonic  drag,  the  ideal  airplane  should  not  have  a  separate  trimming  surface  such  as  a 
horizontal  tail  or  a  forward  canart,.  Trim  at  supersonic  conditions  is  then  achieved  best  when  the  center  of  gravity  is  near  the 
aerodynamic  center  and  when  the  lift  distribution  is  such  that  what  is  best  for  low  drag  due  to  lift  also  satisfies  the  balance  of 
longitudinal  moments.  In  other  words,  it  is  necessary  for  the  basic  wmg  to  have  a  positive  pitching  moment  at  zero  lift.  In  the 
SST  design  it  was  found,  however,  that  the  design  goals  asso:iated  primarily  with  airport  perform anc*.  noise,  and  subsonic 
operations  in  general  made  it  desirable  to  add  to  the  configuration  an  additional  trimming  aii.l  control  surface.  Thu  became 
doubly  necessary  for  the  highly  swept  wings  because  these  wings  exhibit  loss  of  stability  due  U  ,>ioelast!C  effects  at  vi.tuailv  all 
flight  conditions  so  that  the  additional  surface  was  needed  to  pt  ivide  more  stability.  The  gisare  the  size  of  the  additional 
trimming  surface,  the  more  delicate  the  requirements  became  for  a  totally  optimized  longitudinal  lit*,  distribution  to  ensure  th^ 
the  addi'icna!  juriacc  carried  its  share  of  the  lift  distribution.  There  was  a  limit  to  tlus,  however,  bee  uise  thr  shape  of  the  w'»'a 
that  provided  thr  necessary  ..i!  ics  of  pitching  moment  was  poor  from  the  point  of  view  of  zcio-lift  angle.  Everything  else  x%ing 
the  same,  such  a  wing  require?'  a  longer  landing  gear  for  constant  performance,  so  that  the  efficiency  of  the  airplane  tc'Ved  to 
suffer  rapidly  if  wing  pitching  moment  requirements  became  excessive.  Accoi  fingly,  thr  best  tail  size  was  smallest 
practicable.  Has  was  found  *o  be  more  likely  to  occur  when  the  requirement  tha'  djterr’inr.l  thr  size  of  the  tat'  was  one  of 
only  control  power  ra^-ar  the*.-  cue  of  stability.  Critical  flight  control  conditions  for  all  tai.we  SS-1  -  infigurations  ‘'f.urred  at  low 
speeds  and  were  compounded  when  wing  flaps  were  used  to  improve  low-speed  performa:.  t.  These  reex-irements  forced 
consideration  of  additional  control  surfaces  on  all  configuration  concepts  the  size  beng  larger  generall*.  on  variable-sweep 
concepts  because  of  aeroelasticity  and  generally  smaller  on  delta  wings  because  of  the  lack  of  a  compelling  liability  requirement. 


Nacelle  placement  was  a  key  development  eariy  in  the  program.  Both  dual  and  isolated  pc'*?  were  considered.  Through 
proper  contouring  cf  tne  external  pod  geometry,  tailoring  of  the  wing,  and  integration  with  pre-or  consideration  for  area  rule 
principles,  il  was  found  that  the  pod, 'wing  combination  could  be  designed  to  that  the  incrcmcr  A  drag  of  the  pod  was  equal  to 
the  wetted  area  drag  of  the  pod  alone.  This  Is  illustrated  in  figures  10  and  11, 

A  nacelle  location  conducive  to  low  drag  is  one  near  the  trailing  edge  of  the  ••‘~,ng.  producing  favorable  lift  and  drag 
interference  and  with  the  engine  nozzics  behind  the  wing  trailing  edge.  Unfortunately .  such  an  engine  arrangement  directs  the 
airpiara  center  of  gravity  toward  the  rear  of  the  airplane,  compounding  the  stability  problems  mentioned  previously. 


Having  achieved  desirable  engine  positions  and  tail  size,  the  vertical  vocation  of  the  honzontai  tail  presented  a  basic 
problem.  The  tail  had  to  be  moved  up  to  avoid  jet  blast,  leading  to  senou-  longitudinal  stability  problems.  At  supersonic  cruise, 
attitude  and  speed,  the  airplane  ici  plume  tended  to  bend  into  the  flie’.r  direction  unlike  that  of  subsonic  aircraft.  This  was 
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Figure  9. -Theoretical  Drag-Due-To-Uft  Factors 
of  Highly  Swept  Wings 
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borne  out  in  wind  tunnel  powered  model  tests.  Thus  when  the  aircraft  (Tew  at  high  angles  of  attack,  the  tail  became  engulfed  in 
high-temperature  exhaust  gas,  unless  the  tail  was  raised  or  the  taii  arm  was  reduced  to  avoid  the  problem.  This  problem  existed 
on  all  variable  sweep  designs  with  inboard  pivot  and  with  wing-mounted  engines.  Figure  12  shows  the  therms!  pattern  on  one 
variable-sweep  concept  at  an  angle  of  attack  of  12°.  Raising  the  tail  required  an  increase  in  tai!  area  to  counteract  the 
unfavorable  hijh-angie-of-auac1:  effects.  The  larger  tail,  however,  was  more  susceptible  to  .•  rkdown  caused  by  the  effect  of  the 
jet  Row  near  th'  ground  during  the  takeoff  maneuver.  Figure  13  shows  the  undesirable  effect  of  power  on  the  longitudinal 
stability  o;  an  inboard  ~>vot  low-tailed  variable-sweep  configuration  at  taxeoff  conditions.  Variable-sweep  configurations,  with 
their  requirements  for  larger  tails,  suffered  particularly  from  these  problems.  Raising  the  tail  even  higher  was  not  a  practical 
solution  because  of  high-speed  drag  and  locked-in  stall  considerations.  These  problems  were  present  on  all  configurations,  except 
for  those  with  taii-meunted  engines.  But  the  penalties  attendant  with  compromise  solutions  were  far  less  critical  on  the 
modified-deita  concepts,  where  there  was  more  room  for  spanwise  engine  movements  and  where  the  need  for  a  large  stabilizing 
horizontal  tail  w f  less  acute. 


Aemelastic  loss  in  stability  constantly  plagued  all  designs  because  of  ihc  large  size  ot  the  aircraft.  Figure  14  shows  the 
forward  shift  in  aerodynamic  center  with  aeroelastic  correction  for  lg  flight  as  a  function  of  i-ading-edgc  sw>-ep  and  wing  pivot 
location  for  two  variable-sweep  concepts.  Similar  corrections  were  required  of  all  configurations  but  to  a  lesser  degree  as  the 
leading-edge  sweep  was  reduced. 

As  the  work  progressed,  it  became  apparent  that  constraints  other  than  those  of  supersonic  aerodynamic  efficiency  would 
dictate  the  final  configuration.  Most  noticeable  were  those  of  noise,  approach  sliced,  landing  field  length,  aeroeiastic  effects, 
allowable  eg  range,  engine  location,  and  basic  stability  and  control  requirements.  These  constraints  effected  the  variable-sweep 
concepts  to  such  an  extent  that  all  the  benefits  of  high  sweep  at  rape. -ionic  sneeds  and  high  span  at  subsonic  speeds  were 
compromised.  Considering  fixed-wing  configurations,  the  need  to  retain  high  span  made  it  necessary  to  limit  the  wing  sweep  to 
avoid  excessively  lcr;t  structural  aspect  ratios  (such  as  those  obtained  with  arrow-wing  configurations)  with  attendant  structural 
and  aeroelastic  problems.  The  medium-sweep,  moderate-aspect-ratio  delta  wing  was  thus  finally  chosen. 


Propulsion 


The  integration  of  the  engine  in  lint  SST  configuration  had  a  sc.  of  constraints  which  eons.antly  pressed  the  technology 
limits.  It  W3S  desirable  to  mount  fhr  engine  pods  under  the  wing  at  the  trailing  edge  to  obtain  a  maximum  favorable 
interference  effect  between  the  pod  and  wing  and  to  minimize  angfe-of-attack  effects  on  the  intakes  This  led  to  considerations 
of  win"  boundary  layer  ingestion,  intake  liovv  field  distortions,  and  interference  between  inboard  and  outboard  intakes  To  avoid 
having  an  inadvertant  unstart  in  one  intake  trigger  an  unst.jt  in  an  adjacent  intake,  interference  between  inboard  and  outboard 
intakes  must  be  minimized. 

Pod  placement  was  constrained  by  the  need  to  avoid  excessive  empennage  heating  due  to  inboard  locations,  flutter  and 
flight  control  consequerces  for  outboard  locations,  sensitive  drag  effects,  thrust  reverser  effectiveness,  impact  on  landing  gear 
length,  and  interference  between  the  pods  and  the  landing  gear.  For  configurations  incorporating  vanable-sweep  wings,  keeping 
the  pods  inboard  of  <he  pivot  magnified  these  problems 

Single  pods  with  axisyinmetm  intakes  and  dual  pods  with  two-dimensional  intakes  were  both  considered.  Figure  15  shows 
each  concept  on  a  modified  delta  planlorm  The  single-pod,  axisynimetric  intake  concept  was  selected  after  a  careful  consider¬ 
ation  of  ihe  foregoing  factors  and  for  reasons  of  safety .  With  the  pods  below  the  wing,  the  intakes  were  subject  to  a  complex 
flow  field  generated  by  the  wing  and  body,  which  varied  considerably  with  pitch  and  yaw  in  supersonic  flight.  Inboard  pod 
locations  were  ■■object  to  large  vacations  in  apparent  boundary  layei  depth,  while  outboard  locations  were  subject  to  relatively 
'arge  mac.i  number  and  flow  direction  gradients  Figure  lb  shows  one  of  the  earlier  flow  field  measurements  to  illustrate  the 
Math  number  gradient  which  existed  Modificafions  to  the  wing  lower -so.  lace  contours  were  conducted  t  fig  17),  resulting  in  the 
improvement-  shown  in  figure  16.  Actual  intake  testing  showed  the  revised  flow  field  to  be  satisfactory. 

Similaily.  evaluation  of  intake  unstart  effects  due  to  control  mu! function,  engine  failures  and  seizures,  and  external 
disturbances  were  evaluated  co  models,  illustrated  in  figure  IS.  These  tests,  it/  conjunction  with  boundary  layer  meisuremeois, 
defined  minimum  allowable  pod  spacing,  intake  diverter  heights,  and  the  size  of  fences  required  between  neigireonng  intakes  to 
ensure  a  low  probability  of  having  one  intake  unstart  trigger  an  anstart  in  an  adja.ent  intake. 


Throughout  the  early  configuration  developments,  the  relationship  of  the  jet  plume  to  the  horizontal  tail  was  ut  •v 
constant  surveillance  to  ensure  that  no  -.dvrrsc  interactions  (thermal  or  aerodynamic)  .  >uld  occur  during  takeoff  rotation  or  at 
high-alpha  supersonic  conditions.  Figure  I1*  “l.e-as  a  hot  set  survey  model  >n  Ihe  supersonic  tunnel  o.i  an  early  configuration,  and 
figure  20  shows  thermal  data  obtained  cn  this  model  it  vepous  maneuver  load  conditions. 


it  was  alsr  fi.  ir.-i  that  a  major  effort  was  required  to  integrate  the  engine,  intake,  and  flight  controls  to  meet  operational 
and  safety  constraints  A  prime  example  was  the  roll-yaw  coupled  maneuver  that  was  induced  whenever  an  intake  unstart 
occurred  At  high  supersonic  speeds,  certain  combinations  of  airplane  attitude  and  engine  failure/inlake  unstarfs  could  result  in 
an  unsafe  maneuver,  if  control  integration  was  lacking.  By  cmploy.ng  intake  unstart  signals  and  nose  mounted  accelerometers  to 
initiate  flight  control  responses,  and  by  causing  sympathetic  restarts  of  opposite  intakes  in  the  case  o!  severe  engine  failures  (e.g., 
seizure),  unsate  maneuvers  could  be  avoided. 
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Figure  1 7.  -  Wing-Flow-Field  Modification 


Figure  IS. -Adjusted  Flow  Fields 


Figure  IS.- intake  interference  Model 
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figure  l9.-Hol  Made /  Test 


Figure  20.  -  Thrrm.il  Fro  file  Near  Tail 


The  mach  2. 7  cruise  speed  dictated  a  mixed  compression  intake  tor  efficient  operatic  n.  Initially,  there  were  a  variety  of 
engine  offerings  (dry  and  afte'burning  turbev  5s.  and  duct-heating  turbofans)  -;:th  differing  flow  characteristics.  A  variable- 
diameter  cento  body  intake  concept  (fig.  )  was  initially  chosen  for  its  ability  to  match  the  airflow  of  each  engine  offering. 
After  extensive  design  and  testing,  ’!  was  found  hat  internal  leakage  and  boundary  layer  bleed  could  not  be  reliably  controlled, 
and  a  more  conventional  translating  ccnterbody  design  was  chosen  for  further  development  (fig  22).  By  this  time,  the  GE4/J5P 
afterburning  turbojet  had  been  selected  as  the  project  engine  enabling  an  intake  design  to  be  selected. 

The  maximum  demand  airflow  for  the  GE4/J5P  engirt  is  shown  in  figun  21,  along  with  the  .inflow  supply  characteristics 
of  the  :rans!at;ng  centerbody  intake  It  can  be  seen  that  translation  of  the  ccnterbody  alone  would  result  in  airflow  starvation  of 
the  engine  at  transonic  flight  speeds  due  to  mechanical  constriction.  Further  complication  to  the  .make,  in  the  form  of  throat 
doors  in  the  cow!,  relieve!  this  problem.  However,  the  toads  and  weight  of  the  nial.e  increased  suostantiaiiy  due  to  this  added 
complexity. 


The  internal  (low  concept  of  the  pod  is  illustrated  in  figure  24.  which  shows  that  a  careful  iccouriing  of  bleed,  spillage, 
leakage,  externa!  by-pass,  and  internal  by-pass  and  cooling  flows  was  necessary  to  ensure  aicommodaiion  of  engine  flow 
demands,  accurate  drag  assessment,  adequate  envirorc-.ei  ,..l  control  system  beat  sink,  rrgine  cooling,  and  an  opportunity  lor 
maximum  nazzle  performance  at  all  operating  conditions. 
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Figure  91—  Variable  Diameter  Centerbody  Intake 


Figure  22.— Translating  Centerbody  Intake 
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Figure  23.— Intake/Engine  Matching 


Figure  24. -Integrated  Propulsion  System 
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Initially,  a  convergent-divergent  (O-D)  ejector  nozzle  was 
employed.  However,  increasing  concern  regarding  engine  weigh! 
and  noise  led  to  the  adoption  of  a  two-stage  ejector  nozzle 
(TSEN).  Figure  25  shows  a  model  of  this  nozzle  in  the  wind 
tunnel.  The  TSEN  nozzle  was  lighter  and  more  adaptable  to  a 
jet  noise  suppressor  installation,  although  wind  tunnel  tests 
showed  the  low-speed  performance  of  the  C-0  type  was 
superior. 

From  th“  beginning,  noise  control  strongly  influenced  the 
aircraft  configuration  development,  as  well  as  the  pod  design 
and  integration.  Noise  considerations  set  the  requirements  for 
wing  span,  flaps,  ar.d  the  use  of  a  horizontal  tail.  The  intake  and 
its  controls  were  designed  for  choked  operation  at  part  power  to 
reduce  forwaid  arc  noise  influene  on  the  community.  However, 
the  design  requirement  for  noise  was  an  ever-changing  target 
throughout  the  SST  program,  in  these  circumstances,  control  of 
the  configuration  dcvelopm.  ’ >  was  most  diffcult  to  accomplish 
because  even  small  changes  m  allowable  noise  levels  would  cause 
the  configuration  requirement  to  change. 

Sideline  noise  at  takeoff  was  a  major  problem,  and  much 
of  the  effort  to  control  it  '‘-as  focused  on  suitable  jet  suppres¬ 
sion  and  carefully  selected  operational  procedures.  Increases  in 
engine  takeoff  airflow  and  the  addition  of  spade  suppressors 
resulted  in  some  reduction,  but  these  improvements  did  not 
keep  up  with  the  moving  noise  target.  When  the  program  was 
cancelled.  Boeing  was  developing  the  high  effectiveness  multi¬ 
tube  suppressor  shown  in  figure  26.  At  that  time,  other  nozzle/ 
suppressor  concepts,  together  with  major  revisions  to  the 
engine,  were  also  under  consideration  for  the  production 
airplane. 


Fi’ure  25. -SST  Nozzle  in  Tunnel 


Figure  26,-Tubular  Suppressor 


Materials  ano  Structural  Concepts 

A  continual  evolution  in  technological  demands  occurred  throughout  the  SST  program  in  the  areas  of  materials  and 
structural  concepts.  At  the  onset,  supcralloy  and  stainless  steels  were  employed,  and  the  m.  or  efforts  were  conc-med  with 
environmental  behavior  and  long  fatigue  life  at  Mach  3.0.  Skin-and-striuger  construction  were  conventional  while  an  insulation 
material  was  in  development  to  provide  the  proper  heat  barrier.  Commercial  life  of  50,000  hours  for  primary  structure  adequate 
thermal  insulation,  and  suitable  fuel  tank  sealant  were  the  elusive  Ooals. 

At  the  same  time,  interest  in  titanium  alloys  was  developing  to  improve  airplane  weight  ratio  and  reduce  aitcraft  cost.  Sheet 
titanium  of  the  8-1-1  category  was  evaluated  initially.  But  the  fracture  toughness  in  a  salt  environment  (sec  fig.  27)  of  such 
materials  failed  to  fulfill  the  SSI  '^verification.  and  a  change  was  made  to  6-4  titanium  as  the  primary  structural  material. 

By  1964  Boeing  decided  to  reduce  the  flight  speed  to  Mach  2.7,  principally  to  avoid  the  costlv  supcralloys,  and  to  reduce 
b'sic  systems,  insulation,  and  scaling  costs,  it  was  determined  also  that  a  structural  weight  reduction  of  a!  leas.  12%  would  be 
obtained  through  the  use  of  titanium  a-  the  basic  structural  material.  Figure  28  compares  the  incremental  payloaa  increase  of 
the  2707-300  and  several  existing  aire.a  ;  for  a  reduction  in  OEW.  The  SST  benefits  nearly  twice  as  much  as  a  conventional 
subsonic  vehicle  designed  to  the  same  range.  Further,  by  reducing  speed  from  Mach  3.0  to  2.7.  the  payload/gross  weight  ratio  is 
improved  3S  shown  in  figure  29,  principally  because  the  fuel  burned  is  proportionally  less  at  the  lower  speeds 

During  the  period  from  1964  to  1967,  when  the  heavy  emphasis  was  on  high  wing-loading  variable-sweep  configurations, 
titanium  6-4  was  used  principally  in  conventional  skin-stringer  arrangements.  Body  sections  also  used  integrally  machined 
components  where  internal  loads  suggested  a  favorable  weight  trade.  Noiicritical  structural  elemcnfs  were  composed  of  limited 
use  of  diffusion-bonded  honeycomb  and  polyimidc-bonded  honeycomb  (with  or  without  polyimide  core).  Such  components  as 
flaps,  control  surfaces,  fairings,  and  tail  cone  employed  these  honeycomb  coru.pis  to  reduce  weight  and  cost.  However,  the  basic 
loads  in  such  components  were  quite  low,  and  the  main  unknown  at  that  time  was  their  resistance  fo  environmental  conditions. 
Tes.ing  was  initiated  to  determine  the  impact  of  environmental  conditions  on  these  materials. 

The  main  structural  design  effort  was  concentrated  on  the  heart  of  the  vanjbic-swccp  structure,  the  rm-ltiplc  load  path 
pivot.  This  effort  was  «o  minimize  its  weight,  size,  and  volume  to  take  full  advantage  of  the  cambered  and  twisted  arrow-win 
configuration.  Figure  30  shows  a  full-scale  pivot  being  tested  in  a  dynamically  loaded  environment  under  thermal  cycling. 
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Figure  29. - Effect  of  Speed  on  Payload 


Figure  31. -Panel  End  Loads 


Figure  30.- Wing  Pivot  Test 


When  it  was  finally  concluded  that  a  fixed-wing  configuration  was  a  serious  contender  and  that  low  wing-loading  was 
required  for  low  speed,  the  structural  requirements  became  even  more  significant.  The  primary  wing  structure  was  no  longer 
subjected  to  high  end  loads,  and  titanium  honeycomb  was  used  to  make  the  wing  more  structurally  efficient.  To  illustrate  the 
increased  use  of  honeycomb  in  primary  structure,  figure  31  shows  a  comparison  of  the  equivalent  thickness  (measure  of 
structural  efficiency)  versus  panel  end  load  of  various  structural  concepts  using  titanium. 

At  first,  attempts  were  made  to  use  polyimidc  core  bonded  to  titanium  face  sheet  as  much  as  possible  on  the  wing  primary 
structure,  as  well  as  for  secondary  structure.  Wing  tips  and  strake  areas  in  particular  were  logical  candidates.  However,  it  was 
found  from  environment d  tests  (1-inch  ice  balls,  for  example,  at  Mach  1.2)  that  the  polyimide  bond  and  core  failed  to  mcc. 
spesifica'ions.  This  choice  of  concept  in  primary  structure  gave  way  to  a  combination  of  manufactured  and  welded  corrugated 
core  and  di'fusic  boc-ied  honeycomb.  Each  of  these  concepts  finally  yielded  to  an  aluminum-brazed  honeycomb  as  pnmjry  for 
use  on  the  prototype  airplane.  Many  of  these  decisions  were  based  on  unsatisfactory  structural  component  allowables  from  static 
and  dynamic  tests  which  occurred  prior  to  final  sizing  of  the  structural  elements.  Figure  32  Jiows  a  sample  of  the 
aluminum-brazed  honeycomb  construction,  and  figure  32  illustrates  a  full-scale  buildup  e'ement  as  planned  for  use  on  the 
airplane.  Figure  34  is  a  schematic  of  the  general  structural  system  of  the  2707-300  prototype. 

It  was  planned  to  continue  efforts  on  further  extensive  use  of  honeycomb,  and  to  introduce  diffusion-bonded  honeycomb, 
with  its  better  insulation  characteristics,  additionally,  the  specifications  for  this  product  were  better  understood. 
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Figure  32.  —Br~zexi  Titanium  Honeycomb 


Low  structural  weight  was  paramount  in  this  design.  AM- 
out  attempts  at  development  of  honeycomb  of  varying  core 
density  and  face  sheet  thickness  throughout  major  structural 
members  occurred  in  an  effort  to  ensure  that  components  were 
either  load-,  stiffness-,  or  thermal .  designed  anu  that  no  excess 
weight  was  carried  in  a  member  unless  a  cost-effective  decision 
could  be  made. 


Figure  33.-  Full-Scale  Wing  Panel 


Cost-eft ediveness  was  of  paramount  importance  throughout  design  of  the  structu.al  sy..tem.  To  accommodate  suen  a  study, 
the  aircraft  as  it  finally  took  shape  in  the  2707-300.  was  divided  into  sections.  Those  sections  in  tie'  aft  pon.on  were  given 
are  credit  for  weight  reduction  than  the  forwa-d  end.  because  an  SST  balances  tail-heavy,  and  ballast  was  required  it  aii 
payload  conditions.  Hence,  any  weight  reduction  in  the  aft  fuselage  or  empennage  also  reduced  ballast  requirements  to  meet  the 
aft  eg  leading  limits  for  ssi'ety  of  [light. 


Control  ot  the  design  in’.grauon  on  the  SST  was  seriously  contested  as  changes  to  structural  natcnals  and  elements  had  fc 
take  place  due  to  technology  successes  and  failures  in  this  area.  These  tve-nis  not  only  affected  panel  weights  and  structural 
sizing  lot  load  design  elements,  but  also  strongly  influenced  the  elastic  properties  of  the  aircraft,  including  flutter  and  its 
consequences. 


Structural  Dynamics,  Loads,  and  Flutter  The  ptchfnirary  design  portion  of  any  airplane  program  is  relatively  short  and 
does  net  allow  time  for  a  complete  structural  analysis.  Consequently,  for  a  high-performance  airplane  in  which  structural 
flexibility  is  a  prime  factor,  the  full  implication  of  structural  analysis  at  design  go-ahead  is  not  well  understood. 


To  Illustrate  the  impact  of  acroclasticity  on  airplane  design,  ingredients  that  go  into  an  integrated  structural  design  analysis 
must  first  be  understood.  The  fundamental  forces  that  contribuf  to  the  jeroclastic  solution  arc  illustrated  in  figure  35,  As 
depicted,  the  forces  may  combine  in  different  wiys.  depending  upon  the  particular  airplane  flight  repme  or  maneuver  that  is 
being  analyzed,  it  is  fairly  evident  that  these  for. cs  and  the  equations  representing  their  interaction  can  be  approximated  in 
various  degrees  of  sopliislication.  depending  upon  the  allowable  solution  time  and  degree  ol  airpiant  definition  available.  In  the 
case  of  typical  subsonic  jircraft  with  relatively  thick  high-aspect  ratio  wings  and  fuselages  with  lower  fineness  ratios,  the 
structural  approximation  can  be  represented  simply  by  a  beam  type  analysis  v  -Ihout  requiring  detailed  definition  of  internal 
structure  (see  fig.  36).  The  results  of  this  simplified  analysis  will  no!  differ  greatly  trom  final  design  analy^  and  will  com  :rgc  to 


Figure  34.  -Prototype  Design  Concepts.  Sandwich 
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During  the  design  of  the  SST.  the  whole  situation  was  found  to  be  different.  "Die  low-aspect  ratio  wing  with  a  3% 
thickness/chord  ratio  was  much  more  prone  to  aeroelastic  effects  than  the  subsonic  transports.  The  wing  aerodynamic  force 
distribution  throughout  the  supersonic  transport  flight  regime  moved  over  a  much  wider  range,  and  yet  the  airplane  center-of- 
gravity  range  had  to  be  constrained  within  considerably  tighter  limits  than  on  the  subsonic  airplanes.  The  net  effect  was  that 
small  changes  in  the  ..eroelastic  solutions  caused  by  the  incorporation  of  improved  definition  or  additional  test  data  caused  major 
perturbations  in  ti  structural  design  cycle.  To  accurately  represent  this  interplay  of  the  aeroelastic  forces,  a  much  finer  grid 
system  employing  plate  analysis  techniques  w.is  used  as  illustrated  in  the  right  half  of  figure  36. 


As  shown  in  figure  37,  the  interdisciplinary  constraints  increase  by  an  order  of  magnitude  because  the  effects  of  hydraulic 
fluid  compliance,  control  surface  and  actuator  deflections,  as  well  as  the  usual  body,  wing,  and  empennage  deflections  were 
required  in  the  analytical  model,  bilinear  characteristics,  heretofore  neglected  or  approximated  by  simple  corrections,  the;: 
became  more  important  and  required  rigorous  treatment  The  interfacing  of  the  various  technical  disciplines  required  a 
well-informed  and  highly  integrated  management  organization. 


*  BeJfn  theory 


[Beam  chord  <tt»* 
Bending  neglected 


Figure-  36.  -  Comparison  oi  Subsonic/Supersonic 
Structure 


The  number  of  (I'^gn  conditions  was  increased  by  the  addition  of  transonic  and  sup*  -sonic  loading  conditions  to  the  usual 
low-speed,  fbps-up  climb  and  subsonic  cruise  conditions.  The  large  number  of  fuel  tanks  with  high  surface  area-to-voiume  ratio 
produced  large  variations  in  fuel  mass  distribution,  further  increasing  the  number  of  flight  loading  conditions  which  must  be 
'.•'mined.  It  became  apparent  early  in  the  preliminary  design  phase  that  proper  decisions  could  be  made  only  after  each 
cor  figuration  under  consideration  had  been  tracked  completely  through  its  aeroelastic  cycle  until  it  converged  into  an  integrated 
design,  with  consistent  data  for  ail  subsystems.  It  was  not  the  policy  of  the  technical  management  to  release  configuration 
drawings  until  a  reasonable  convergence  took  place,  and  this  could  take  as  many  as  seven  ci  more  iterations  because  of  data 
uncertainty  at  any  giver,  time.  For  example,  on  each  configuration,  experimental  loads  data  were  required  from  several  wind 
tunnel  models  at  subsonic,  transonic,  and  supersonic  speeds  for  final  validation  of  basic  aerodynamic  loads,  after  all  other 
elements  of  aeroelastic  solution  had  converged.  If  these  experimental  loads  data  varied  significantly  from  the  theoretical  loads, 
the  structural  design  and  analysis  cycle  had  to  be  repeated  to  validate  structural  margins. 


Figure  38  shows  a  typical  1-g  transonic  wind  tunnel  loads  model  under  test.  The  proper  timing  of  wind  tunnel  model 
construction  and  testing  was  a  critical  factor  in  keeping  the  SST  program  on  schedule.  Some  of  the  effects  of  the  mathematical 
modeling  detail  which  compounded  the  understanding  of  the  aeroelastic  behavior  of  the  SST  are  identified  in  figure  39.  As 
indicated  in  this  figure,  local  flexibility  effects  caused  a  significant  change  in  deflections  along  the  chord  line.  The  inclusion  of 
trailing-cdge  flexibility,  for  instance,  had  a  dramatic  effect  on  the  airplane  flutter  speed.  Figure  40  shows  the  magnitude  of  wing 
and  body  deflection  relative  to  the  jig  shape  as  defined  for  the  2707-300  under  the  1-g  midcruise  condition.  These  deflections 
must  be  accurately  included  when  defining  the  twist  and  camber  to  give  maximum  cruise  performance. 


Figure  38. -Loads  Model 


Figure  39.— Wing-Cruise  Deflection 
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As  was  indicated  earlier  in  figure  35,  the  inertial  forces  p’ay  an  important  part  in  the  aercwlastic  solution.  When  specifically 
applied  to  the  calculation  of  body  loads  and  defection  during  a  symmetrical  pull-up  maneuver,  it  causes  the  aerodynamic  center 
of  the  airplane  to  shift  aft  on  the  order  of  6%  of  the  mean  aerodynamic  chord  as  shown  in  figure  41.  When  it  is  considered 
that  the  total  useful  range  on  the  SST  was  only  one-half  tltat  magnitude,  it  is  clear  chat  high  standards  of  accuracy  and  very 
tight  tolerance  in  the  whole  cycle  are  mandatory.  The  achievement  of  tliis  accuracy  took  considerable  time,  analyses,  and  much 
testing. 


Figure  40.  -Aero elastic  Deflections  on  B2707-300  Figure  4 1. -Aerodynamic  Center  Shift  Due  to 

Aeroelasticity 


Figure  42. -Half -Span  Transonic  Flutter  Model  Fig  ire  43.  -Full-Span  Low-Speed  Mode I 


After  a  good  representation  of  the  structure,  flight  controls,  and  the  desir  j  aerodynamic  cruise  shape  had  been  established, 
a  flutter  determination  of  each  major  configuration  was  essential.  It  was  learned  early  during  the  SST  program  that  a  stiffness 
analysis  of  the  -ntire  aircraft,  including  wing,  empennage,  and  all  control  surfaces,  was  necessary  to  assure  that  adequate  flutter 
margins  were  achieved  throughout  the  flight  envelope.  Precise  representation  of  the  engine  pods  m3ss  and  support  beam  stiffness 
■vas  required  because  it  was  determined  through  the  flutter  analysis  that  the  degree  of  coupling  between  the  pod  movement  and 
ving  flexure  was  critical  in  determining  the  airplane  flutter  speed.  Flutter  analysis  methods  for  low-aspect  ratio  thin  wings  with 
iarge  engine  masses,  located  outboard  and  aft  on  the  wing  trailing  edge,  were  still  under  development  when  the  program  was 
well  under  way.  Excessive  time  required  for  flutter  analysis  ..id  inefficient  redesign  methods  for  correcting  flutter  deficiencies 
were  incompatible  with  the  preliminary  design  schedule.  To  establish  flutter  boundaries  in  the  transonic  regime  and  to  confirm 
the  subsonic  and  supersonic  analysis,  it  was  necessary  to  build  elaborate  flutter  models  with  scaled  structural  properties  and  with 
provisions  for  various  fuel-loading  distributions,  surface  controls,  and  actuator  representations.  Full-span,  half-span,  and  empen¬ 
nage  models  were  tested  and  correlated  with  mathematics!  representations  of  the  modes.  Figure  42  shows  the  details  of  a 
half-span  transonic  model;  figure  43  shows  a  full-span  lew-speed  model,  and  figure  44  shows  the  empennage  models  tested  on 
the  2707-300  configuration.  Similar  models  were  evaluated  on  other  competing  configurations.  Even  with  the  wind  tunnel  test 
program,  sufficient  information  was  not  available  in  time  for  management  review  which  could  have  led  to  configuration  changes 
to  ;  'Icviatc  flutter  weight  penalties.  These  circumstances  placed  considerable  emphasis  on  the  future  flight  testing  of  the 
prototype  under  a  restricted  flight  envelope  and  ground  tesling  to  establish  firm  requirements  for  added  structural  stiffness.  In 
other  words,  it  was  essential  to  accept  additional  risk  in  the  prototype  by  leaving  conservatism  in  weight  out  of  the  airplane. 
This,  of  course,  is  the  purpose  of  a  prototype. 

Solutions  to  structural  problems  re'ated  to  aeroclastic  effects  are  reflected  as  increases  in  strength  sod  on  stiffness  which 
directly  impact  the  airplane  weignt  and  its  operating  efficiency.  Hence.  much  effort  was  expended  In  examining  rib  and  spar 
arraignments,  structural  concepts,  optimum  distributions  of  structural  material,  fuel  management,  and  High,  control  system 
frequency  response  to  reduce  the  weight  increment  for  stiffness  and  strength  to  a  minimum.  In  retrospect,  it  is  believed  that  a 
considerable  further  reduction  in  the  weight  increment  .or  stiffness  would  be  possible,  based  cn  flight  rest  results,  ground  shake 
tests,  and  refined  analysis  methods  over  those  defined  of  necessity  during  the  design  phase  of  the  2707-300  SST  prototype 
program. 
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THE  DESIGN  INTEGRATION  PROCESS 

From  the  previously  related  technical  experiences,  it  must 
be  clear  that  the  technical  management  in  a  high-risk  technology 
design  must  be  flexible,  alert,  and  prepared  for  change.  The 
management  process  had  to  be  understood  by  all  to  be  efficient, 
for  example,  a  major  decision  of  the  technical  management 
process  in  the  SST  program  was  to  recommend  a  redirection  of 
the  entire  program  only  8  months  after  the  final  design  process 
began.  This  decision  was  not  made  lightly!  Another  equally 
major,  but  less  publicized  decision  of  the  SST  program  was  to 
decouple  the  prototype  and  production  programs  to  explore 
additional  high-risk  technology  full  scale. 


The  initial  plan  o'  ii.c  SST  program  was  to  proceed  to 
design  and  manufacture  an  aircraft  which  would  be  identical  in 
every  way  to  the  proposed  production  vehicle.  One  set  of  tools 
’.vuuld  serve  for  both  vehicles.  Such  an  approach  would  permit 
only  minor  modification  during  flight  test,  and  such  change 
cculd  then  be  incorporated  in  production  releases.  The  decision 
to  design  only  a  prototype  using  soft  tooling,  from  which  a 
largely  redesigned  vehicle  would  follow,  permitted  many  cost¬ 
saving  and  increased-risk  concepts  to  be  considered  as  a  part  of 
the  flight  test  program.  For  example,  a  folding  ventral  fin. 
incorporated  in  the  prototype,  could  be  removed  piecemeal  as 
high-speed  directional  stability  and  control  were  better  under¬ 
stood  from  flight  measurements.  Similarly,  wring  tip  er'unsions, 
strake  additions,  material  substitutions  in  wing  and  body  sec¬ 
tion,  and  dynamic  ballast  for  flutter  were  all  a  part  of  the  flight 
test  plan  for  the  prototype. 


Figure  4S. -Empennage  Model 


Pieliminary  Design 

The  preliminary  design  process  usually  takes  place  in  three  distinct  phases.  The  initial  phase  in  a  modem  aircraft 
preliminary  design  cycle  is  shown  in  figure  45.  Competing  concepts  are  proposed  to  and  approved  by  a  technical  council  of  the 
program.  A  configuration  manager,  working  with  the  chief  technical  and  project  engineers,  establishes  a  configuration  layout 
which  is  expected  to  meet  design  and  operational  requirements.  After  having  established  3  layout  of  the  interior  p3yioad  system, 
fuel  management  system,  landing  gear,  propulsion  arrangement,  and  p/.ncral  configuration  aerodynamic  goals,  a  preliminary  weight 
and  balance  check  is  made.  Similarly,  tail  and  control  surface  sizing  are  made  consistent  with  static  stability  and  control  criteria. 
This  aircraft  is  then  evaluated,  based  on  category  I  (parametric)  weights,  with  performance,  safety,  cost,  and  economics 
estimated.  Several  iterations  of  the  configuration  t3ke  place  until  a  fundamentally  acceptable  design  results. 

Progressively,  the  design  is  refined  against  more  stringent  and  detailed  design  criteria  and  operational  constraints.  Technical 
and  configuration  trade  studies,  as  well  as  detailed  design  features,  arc  conducted  to  support  the  design  evolution.  To  validate  or 
update  the  safety,  cost,  and  performance  estimates  of  the  configuration,  detailed  design  analysis  takes  place  in  the  areas  of 
structure  (loa/ls,  deflections,  sizing,  dynamics,  flutter,  etc.);  flight  controls  (surface  rates,  hinge  moments,  hydraulic  sizing, 
acrcelastic  corrections,  failure  mode  analysis,  flight  envelope  a’lalysis,  etc.);  propulsion  (intake  analysis,  airflow  management, 
thermal  management,  exhaust  system,  installation  design,  etc.);  and  category  11  (preliminary  layouts)  weight  analysis. 


Finally,  an  acrocUstic  cycle  analysis  of  the  refined  configuration,  as  illustrated  earlier  in  figure  3T,  is  made.  For  the  SST, 
this  process  often  took  three  or  four  iterations  to  converge  on  a  reasonably  acceptable  .nlution  for  final  configuration 
evaluation.  Actual  design  drawing  release  took  several  more  cycles  to  reach  precise  convergence.  During  this  period,  major 
validation  testing  of  systems  and  components  W2s  carried  out.  and  several  preiimm-.rj  design  reviews  on  subsystem  design 
occurred. 


Somewhere  in  this  latter  cyde,  the  preliminary  design  process  ends,  and  final  design  begins.  Long  lead-time  material 
perehaso  and  system  suppliet  decisions  occur  when  efforts  on  other  competing  designs  is  reduced  to  a  small  level  or  ceased.  The 
precise  time  when  preliminary  design  ends  is  never  clear.  Such  a  series  of  preliminary  design  steps  took  place  in  narrowing  down 
the  SST  options  to  the  2707-300. 
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Design/Operational  Requirements 

Figure  46  shows  certain  representative  SST  economics  design  requirements  imposed  on  all  SST  configurations  to  comply 
with  airline  desires  and  competitive  economics  goals.  Figures  47  and  48  show  representative  SST  operational  and  airport 
requirements  as  established  within  Boeing,  based  on  past  successful  programs  and  government  regulations. 

It  was  found  desirable  and  necessary  to  make  such  requirements  as  general  as  possible  and  to  constantly  consult 
configuration-unique  trade-study  data  to  be  sure  that  no  specific  requirements  would  place  a  promising  configuration  in  jeopardy 
unnecessarily.  These  requirements  were  reviewed  on  a  continuous  basis  with  potential  a.riine  customers  and  with  government 
regulatory  agencies. 

Design  Criteria 


Criteria  for  aircraft  design  can  simply  be  expressions  of  the  facts  of  nature;  they  may  be  established  unique  to  a  given 
manufacturer’s  philosophy  of  design;  or  they  may  be  a  direct  translation  of  government  regulations  or  proposed  regulations 
(FARs  in  the  U.S.,  for  example)  in  design  commitments.  No  matter  how  the  criteria  are  established,  flight  safety  is  paramount. 
Design  life  and  design  acceptability  are  other  major  factors  in  criteria  selection. 

During  the  14-year  SST  program  at  Boeing,  continuous  internal  technical  committee  action  took  place  on  the  establishment 
of  desi'm  criteria  uniquely  applicable  to  this  vehicle.  Criteria  documents  in  such  areas  as  structural  integrity,  stability  and 
control,  handling  qualities,  propulsion,  safety,  and  aerodynamic  cleanness  were  developed  to  provide  a  meaningful  set  of 
constraints  with  respect  to  safety,  life,  and  operational  acceptability-without  subjecting  the  design  unnecessarily  to  constraints 
which  would  hamper  its  economic  viability. 

Because  design  criteria  tend  to  be  highly  specialized  and  rarely  read  by  higher  program  management,  the  basic  constraints  in 
each  discipline  were  posted  in  the  engineering  workroom  snd  color-coded  against  each  given  configuration  for  all  to  see.  Figure 
49  shows  a  posting  for  some  of  the  objectionable  flight  characteristics.  For  example,  if  a  given  configuration  evidenced  locked-in 
pitchup  at  n  comer  of  the  operating  envelope,  under  the  most  adverse  conditions  of  weather  and  failure,  it  was  revealed  in 
bright  red  so  that  no  one  could  miss  it;  yellow  meant  conditionally  acceptable:  and  green  indicated  totally  acceptable.  The  eoler 
was  assigned  by  the  discipline  technical  manager  and  no  red  marks  were  permitted  to  stand.  It  was  found  that  unless  some 
graphic  means  were  available  to  notify  management  of  such  problems,  they  could  readily  be  buried  in  the  enormity  of  the 
program.  The  highlighting  of  problem  areas  in  this  manner  proved  to  be  most  useful  in  the  preliminary  design  management 
scheme. 


En entering  Workroom 


Because  the  SST  derign  embarked  into  so  manv  different  arras  of  advanced  technology,  it  was  essential  that  no  discipline 
be  allowed  to  isolate  itself  from  the  other  elements.  A  centralized  engineering  control  and  woikroom  was  established  during  the 
1968  reevaluation  period.  All  pertinent  data  were  displayed  on  all  competing  configurations  in  one  large  room.  Secondary 
control  rooms  were  established  throughout  the  program  work  areas  for  each  major  discipline.  The  system  worked  so  well  that  it 
has  been  carried  into  several  subsequent  programs  within  Boeing. 

Figure  50  shows  a  view  of  the  actual  SST  workroom  to  illustrate  the  posting  of  schedules  of  analysis  and  design  activity. 
Figure  51  is  another  vi->v  of  the  room  to  illustrate  the  number  of  visibility  beards  wltich  existed  on  such  items  as  aerodynamic 
performance,  weights,  propulsion,  safety,  and  other  technical  data  pertinent  to  an  instantaneo*.  *■  /jew  of  program  status  with 
respect  to  competing  configurations.  The  room,  as  shown,  was  photographed  dunng  the  firu*  design  phase  of  the  2707-30G 
rircraft. 

Figure  52  shows  a  typical  2707-300  display  board  of  airplane  performance.  Giarges  to  these  boards  were  posted  daily  at 
the  discretion  of  the  individual  task  manager.  Figure  53  shews  a  typical  daily  log  of  the  technical  concerns  board,  a  technique 
used  to  identify  the  “top  10”  most  critical  technical  problem  areas,  where  schedules  of  test  and  analysis  were  usually  displayed 
together  with  key  completion  dates.  Most  often,  the  “top  10”  directed  the  major  technical  program  effort  during  final 
configurat  o'  firm-up  before  the  design  release  process  began. 

The  main  purpose  cf  the  central  engineering  workroom  was  to  give  technical  management  ail  the  m'jor  facts,  as  well  as  to 
provide  total  communications  between  major  work  elements  of  the  program.  Such  a  technique  created  a  great  sense  of  aware  ness 
as  well  as  camaraderie  throughout  the  huge  (2000-3000)  engineering  work  force  employed  on  this  project. 

Engineering  schedule  maintenance  was  considered  just  as  important  as  technical  accomplishment  because  any  schedule  slide 
would  mean  increased  program  nonrecurring  cost.  A  similar  color  code  technique  was  used  on  all  schedule  information  which 
was  prime  to  holding  design  release  dates.  Care  had  to  be  exercised  not  to  overcontrol  schedules  on  secondary  branches  of  ihe 
engineering  program.  The  acroelastic  cycle  analysis  for  the  design  provided  a  key  schedule  item.  Such  an  analysis  on  this  aircraft 
revolved  around  all  major  disciplines  and  systems  and  involved  tedious  data  handling  between  the  disciplines. 


Figure  SO.— Engineering  Workroom-  View  1 


Figure  52.  -Performance  Comparison 


Figure  51  .—Engineering  Workroom-View 2 


WchJ-,:  Control/Managcment 

Guee  the  preliminary  design  process  has  started,  most 
deficiencies  in  any  design  creep  in  as  weight  increases.  These 
increases  are  due  to  (1)  better  definition  of  design  detail: 
(2)  design  103d  jpdates;  (3)  criteria  conflicts;  (4)  material  substi¬ 
tutions:  (5)  cost  trades:  (6)  manufacturing  limitations:  and  (7)  as 
solutions  to  many  other  unforeseen  problems.  In  the  SST 
program,  it  became  essential  to  organize  weight  control  activity 
with  weekly  updalts  for  management  of  the  causes  for  all  new 
weight  changes.  From  such  information,  derisions  could  be 
made  to  offset  weight  increases  through  further  trade  studies 
and  program  modifications 


Figure  55.  -Structures  Weights 


Figure  54  is  ?  photo  of  the  centra!  weight  control  room, 
wherein  each  major  subsystem  was  tracked  separately,  and  the 
defining  conditions  for  the  subsystem  weight  were  available  for 
ready  review.  Actual  weights  against  assigned  target  weights  were 
shown,  and  a  cost-effectiveness  para;,,  'ter  for  each  subsystem  as 
3  function  of  material,  structural  concept,  complexity  facto;, 
and  ballast  sensitivity  was  constantly  updated.  Status  of  weight 
trade  study  data  applicable  to  the  particular  subsystem  was  also 
noted  on  the  pertinent  display  board.  Figures  55  and  56 
illustrate  typical  weight  display  areas  for  the  2707-300  for  the 
airframe  structures  and  propulsion  system.  Figure  57  shows  a 
typical  summary  weight  tabulation  against  target  weight  for  the 
2707-300.  The  weights  technology  staff  also  managed  forecast 
data  on  future  weight  trends  on  a  weekly  basis  and  a  list  of 
specific  weight  concern  items,  based  on  continual  tracking  of 
design  detail  throughout  the  engineering  organization.  Often  this 
meant  watching  the  detail  drawings  being  made  and  debating 
with  the  designer  on  detail.  In  this  manner,  top  management 
redirection  could  be  given  on  a  weekly  basis  before  design 
details  had  proceeded  too  far. 


Figure  56.— Propulsion  Weights 


A  weight  reduction  task  force,  composed  of  both  manufacturing  and  engineering  personnel,  was  initiated  at  the  very 
beginning  of  the  c '’07-300  detailed  design  phase -just  after  preliminary  design  was  complete.  Suggested  items  for  weight 
reduction  were  submitted  to  this  team  daily.  Trade  studies  were  initiated  which  involved  materials  substitution,  design  concept 
revision,  manufacturability,  and  prototype  cost.  Such  a  task  force  was  found  to  be  3  most  valuable  asset  toward  assurance  of 
meeting  nonrecurring  cost  control. 
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Design  lor  Cosl 

In  any  preliminary  design,  it  is  essential  to  consider  the  ultimate  cost  of  the  production  vehicle.  The  SSI'  was  no  exception. 
However,  the  cost  considerations  in  the  definition  of  a  preproduction  prototype  are  quite  different  than  for  a  prototype  from 
which  a  production  design  would  later  take  place. 

it  was  necessary  in  the  program  *o  kero  track  of  two  designs  she  production  airplane  expected  from  the  piototype 
goals,  and  the  actual  iiardr/are  being  considered  for  test.  Throughout  the  preliminary  design  phase,  only  the  former,  the 
production  goal  a;rp!ane,  was  considered.  An  analysis  of  the  market  capability  of  each  concept  was  made,  based  on  the 
economics  evaluation  of  the  configurations.  In  general,  a  production  goal  of  500  or  more  airplanes  was  considered  reasonable.  It 
was  expected  that  the  costs  to  design,  develop,  and  fabricate  the  production  airplane  would  be  absorbed  in  the  first  200 
airplanes.  Based  on  an  estimate  of  the  costs  incurred  throughout  the  program,  up  to  the  200th  airplane,  it  was  determined  that 
an  average  val  ie  in  design  of  between  S200-S300  per  pound  of  weight  could  be  expended  usefully  to  maintain  a  proper  balance 
in  design  fc  cost. 

A  value  engineering  analysis  was  made  of  each  configuration  after  the  concept  was  generally  worked  out.  For  example, 
figure  58  shows  the  value  of  structural  weight  improvement  assigned  to  the  2707-300  design  concept  in  relation  to  location  in 
the  aircraft.  This  figure  shows  that,  although  an  average  of  S200-5300  per  pound  per  aircraft  was  a  fair  price,  the  actual  value 

was  much  higher  in  the  empennage  area,  and  much  lower  in  the  most  forward  areas  of  the  cockpit.  This  gradi.  nt  was  caused  by 

the  fact  that  all  SST  designs  tend  to  be  tail-heavy  and  require  large  ballast  to  maintain  proper  eg  spread.  Such  values  were 
assigned  to  all  structural  subsections  as  a  oart  of  detailed  cost/wright  saving  during  detail  design. 

Similar  cost/weight  trends  for  mechanical,  electrical,  and  electronic  systems  were  developed  as  a  means  for  cost-of-design 
control. 

Other  methods  of  value  were  established  in  terms  of  parts  count  and  complexity  as  a  means  of  general  comparison  of 

designs  when  all  other  economics  viability  indicators  were  constant.  Such  analysis  had  a  strong  effect  on  the  final  decision 

toward  a  relatively  simple  aircraft  design  concept,  the  2707-300. 


Technical  Council 

All  major  engineering  decisions  were  conducted  through  a  technral  council  composed  of  the  director  of  engineering,  the 
chief  design  engineer,  and  the  chief  technical  engineer.  The  council  convened  weekly  or  more  often  as  the  program  progressed. 
Prior  to  such  decisions,  the  chief  design  engineer  conducted  preliminary  design  reviews  (PDRs)  on  all  major  subsystems  on  a 
scheduled  basis,  while  the  chief  technical  engineer  continually  conducted  detailed  reviews  on  design  criteria,  subsystems 
specifications,  and  design  requirements.  The  design  had  to  converge  on  these  targets,  or  revision  had  to  be  made.  The  technical 
council,  meeting  weekly  to  resolve  the  natural  conflicts  which  occurred,  led  the  way  to  a  smooth  process  for  keeping  the 
preliminary  design  on  course.  All  engineering  personnel  Knew  the  decision  process.  This  W3S  found  to  be  fundamental. 

Management  Council 

Other  basic  program  decisions  which  involve  cost  targets  and  actual  costs,  manpower  spread  between  engineering,  operations, 
finance,  and  program  planning  were  reviewed  weekly  by  a  management  council.  Airline  and  government  reviews  of  program 
status  were  conducted  through  this  council.  Ck  ’eral  activities  between  engineering,  manufacturing,  and  outside  procurement  also 
were  reviewed  by  this  council,  which  had  a  signiri-ant  outer-loop  effec  on  the  preliminaiy  design  as  well  as  thf  final  design 
process.  Many  other  actions  by  this  council  were  fundamental  to  trie  SST  program  but  are  outside  the  scope  of  this  paper. 


Figure  58.  -  Value  of  Weight  Saved 


Figure  59.-82707-300  Configuration 
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LESSONS  LEARNED 

The  Hrui  design  concept  chosen  for  construction,  the  2707-30C  (fig  59),  vas  the  culmination  of  a  series  of  conflicts 
between  performance  objectives  and  design  constraints.  At  the  onset  of  the  program,  an  attempt  was  made  to  maximize  both 
high-  and  low-speed  aerodynamics.  As  design  knowledge  and  constraints  became  better  understood,  the  importance  of  dynamic 
loads  and  elasticity  or  stiffness  of  both  primary  and  secondary  structure  began  to  have  ,ts  effect.  These  consequences  showed  up 
as  increased  weight  to  offset  the  initial  aerodynamic  objectives. 

Furtncr,  the  attainment  of  peak  aerodynamic  performance  to  ensure  economics  feasibility  of  the  airplane  was  limited  by  the 
effect  of  OEW  eg  range  and  payload/cg  range,  as  constrained  by  stability  and  control  criteria  for  safe  flight. 

Every  attempt  was  made  to  reduce  load  paths  and  to  minimize  the  basic  balance  problems  to  keep  the  developing 
configurations  from  constantly  diverging. 

The  manufacturing  cost  of  the  airplane  was  found  to  be  directly  related  to  the  same  parameters  which  simplified  the  design 
and  reduced  load  paths.  Hence,  the  final  configuration  was  a  balance  of  cost,  technical  possibility,  operational  usefulness,  and 
performance.  No  one  was  totally  satisfied,  but  it  was  the  best  that  could  be  accomplished  within  the  constraints  of  technology, 
economics,  and  operational  requirements. 

Considering  the  size  of  this  preliminary  design  effort,  some  positive  lessons  were  learned,  summarized  here  for  consideration 
in  high  technology  preliminary  design  planning: 

•  Establish  total  visibility  of  configuration  alternatives  as  early  as  possible. 

•  Keep  a  constant  update  on  the  opportunities  and  constraints  of  each  configuration. 

•  Post  all  important  applicable  constraints  for  review  and  modification. 

•  Continually  conduct  useful  trades  studies  which  influence  costs,  weight,  and/or  performance. 

•  Initiate  formal  weight  reduction  action  as  soon  as  a  final  configuration  is  selected. 

•  Let  every  member  of  the  preliminary  design  team  know  where  and  how  he  can  be  heard. 

•  Keep  a  sense  of  urgency  going  on  at  all  times  to  achieve  greatest  possible  efficiency. 

A  second  generation  SST  will  evolve,  perhaps,  at  some  future  time.  If  so.  it  is  hoped  that  the  experience  gained  in  the 
Bocing/U.S.  SST  effort,  as  recited  in  this  paper,  will  prove  useful. 
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SUMMARY 

The  intensive  efforts  undertaken  to  develop  an  economically  competitive  SST  stimulated  new  design  approaches  in  the  areas  of 
airplane  longitudinal  control  and  stability  and  flight  control  systems  design.  Extensive  research  work  was  conducted  to  push  the  stale  of 
the  art  as  hard  as  possible  in  the  development  of  handling  qualities  criteria  and  i,  io  design  evolution  of  the  stability  augmentation 
system.  The  end  product  was  a  control-configured  vehicle  employing  multiple  redundant  electronic  stability  augmentation  systems  to 
meet  design  requirements  for  both  normal  handling  qualities  and  minimum-safe  handling  qualities.  This  design  approach  contributed 
substantial  gains  in  range.'pay  load  capability  over  that  attainable  through  the  conventional  approavh  that  inhibits  airplane  design  through 
the  requirement  to  provide  inherent  aerodynamic  stability.  Throughout  all  of  the  design  development  work  the  effects  of  structural 
aeroelastics  on  aircraft  stability  and  control  played  a  major  role  in  configuration  design  decisions.  The  complex  engineering  work 
lr.olved  in  the  aeroelastic  analyses  paced  the  configuration  development  design  cycles  and  contributed  substantial^  to  the  total 
engineering  costs  The  experience  gained  in  these  areas  has  identified  the  need  fur  improved  quality,  automated  aeroelastic  analysis 
methods  to  speed  the  design  development  work  and  reduce  the  engineering  costs  and  design  risks. 


INTRODUCTION 

The  preliminary  design  process  for  ccnvrntional  subsonic  commercial  jet  aircraft  consists  of  closely  integrated  efforts  in 
aerodynamics,  propulsion,  structures,  and  weights  analysis.  This  design  optimization  seeks  the  most  efficient  configuration  arrangement 
of  wing,  fuselage,  propulsion  system,  and  tail  surfaces.  The  design  of  the  flight  control  system  is  normally  an  important  parallel  effort, 
but  rot  essential  to  configuration  integration  and  optimization.  The  role  of  the  flight  controls  design  team  changed  radically  from  this 
past  practice  during  the  Boeing  SST  program  wit!  the  adoption  of  the  control-configured  vehicle  (CCV)  design  approach.  The  flight 
control  system  became  an  integral  part  of  the  main  iterative  design  loop  and  a  determining  factor  in  configuration  arrangement, 
structural  weight,  and  aerodynamic  efficiency. 

The  effects  of  structural  flexibility  on  airplane  stability  and  control  were  majot  considerations  that  strongly  influenced  the 
decision-making  process,  beginning  with  the  trade  studies  phase  of  configuration  evaluation.  This  attention  continued  through  final 
configuration  design  development.  The  complexity  of  the  aeroelastic  analysis  produced  a  costly,  time-consuming  engineering  effort 
involving  multiple  interactions  of  all  technicJ  f 'sign  disciplines.  The  engineering  design  cycle,  as  a  result,  was  paced  by  that  effort. 

This  paper  wDI  discuss  the  factors  leading  to  the  adoption  of  the  CCV  design  approach  and  the  benefits  attained.  The  important 
role  of  structural  aeroeiastic  analysis  in  the  design  decision-making  process  also  will  be  described. 
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DESIGN  11.  •?  ACT » if  PLICHT  CONTROL  SYSTEM  CONCEPTS  AND  HANDLING  QUALITIES  CRITERIA 

The  ‘■Jciigri  goal  if  the  lf.S.  supersonic  transport  program  was  to  develop  and  market  an  SST  configuration  sufficiently  advanced  in 
concept  and  des*fpi  t'o  he  economically  competitive  with  the  best  of  today’s  long-range  commercial  jet  transports.  This  formidable  goal 
forced  Lnti-nsive  efforts  to  reduce  aircraft  structural  weight  and  to  improve  aerodynamic  and  propulsion  system  efficiency.  In  the  area  of 
flight  control  -yrVins  design,  tee  efforts  to  push  the  state  of  the  art  as  hard  as  possible  were  rewarded  with  impressive  payoffs  in 
improved  aircraft  perform  -nee.  This  work  centered  around  the  adoption  cf  the  control-configured  vehicle  (CCV)  design  approach, 
wherein  the  flight  control  system  was  employed  to  stabilize  as  well  as  control  the  airplane  to  effect  a  more  efficient  aerodynamic  and 
structural  configuration 

SST  design  studies  showed  that  very  substantial  reductions  in  aerodynamic  drag  and  structural  weight  could  be  achieved  if  me  aft 
center-of-gravity  (eg)  limit  could  be  shifted  aft  of  the  point  required  for  mhcren.  longitudinal  stability.  The  configuration  improvements 
resulted  from  the  improved  longitudinal  balance  situation  permitted  by  shifting  fh-  operating  eg  range  aft.  The  accruing  benefits  were 
reduced  body  length,  gear  length,  and  tail  size,  and  the  savings  in  weight  and  drag  were  reflected  in  substantial  improvements  in 
range/payload  capabilities. 

To  attain  these  benefit  ,  studies  were  i  .unched  to  develop  a  stability  augmentation  system  of  sufficient  capability  and  reliability  to 
permit  placement  of  ‘he  eft  g  limit  well  ai  •  cf  ,!u  stability  neutral  point,  thus  assigning  full  responsibility  to  the  augmentation  system 
for  safe  handling  (?"j'sncs.  A,  the  same  •"«,  research  studies  were  oriented  to  determine  what  should  realistically  constitute 
minimum-safe  d«i(p  criteria,  as  well  as  criteria  i,  t,  .yem  the  good  iiandling  qualities  required  for  normal  operation. 

Rang"  “a  yio;  rf  benefits  Achieved  Through  Hard  a  AS 

The  flight  control  system  studies  evolved  a  concept  called  Hard  Stability  Augmentation  System  (HSAS)  because  the  system 
i  -liability  approached  that  of  hard  structure.  Tit's  was  achieved  orimarily  through  design  simplicity  and  system  redundancy.  The  HSAS 
was  an  independent  augmentation  system  employed  io  back  up  the  basic  Electronic  Command  and  Stability  Augmentation  System 
(ECSS).  Both  HSAS  and  ECSS  were  quad-rcdur.dir.t  The  ECSS  was  a  sophisticated  system  tailored  to  achieve  excellent  handling 
qualities  throughout  the  flight  envelope,  whereas  the  HSAS  was  r<  quired  to  provide  only  a  conservative  level  of  safe  handling  qualities  in 
the  i emote  event  of  inc.erable  ECSS.  The  iota:  system  teEability  achieved  with  this  approach  permitted  the  SST  to  evolve  as  a  CCV 
design,  employing  augmentation  in  the  longitudinal  axir  So  i.reintain  safe  flying  qualities. 

The  incoiperation  of  HSAS  allowed  an  improved  cordis  ^ration  arrangement  from  the  standpoint  of  aerodynamic  and  structural 
efficiency.  1  he  integration  of  wing,  nacelles,  and  fuselage  was  on. fated  by  the  consideration  of  supersonic  cruise  hft/drag  ratio  (L/D)  and 

structural  efficiency..  This  configuration  arrangement  placed  the 
engine  nacelles  far  aft  undei  the  wing  to  achieve  “favorable” 
in.erfcrence.  The  longitudinal  balance  and  instability  problems 
•rarvid  by  tire  far  aft  location  of  the  engine  nass  were  alleviated 
■jy  the  HSAS,  which  permitted  a  shift  in  the  operational  eg  range 
o'  5%  wing  root  chord  (Cr)  aft  of  the  point  required  for  inherent 
(ft/rii  oil's  stability.  Figure  1  compares  the  HSAS  SST  con- 
figuul.on  with  a  more  conventionally  balanced  airplane  having 
the  aft  c.;  ..’nit  it  the  static  neutral  point,  52%  Cj^.  The  5%  aft 
shift  >  limit  of  57%  Cr,  made  possible  with  the  incorporation 
of  HSAS,  placed  the  aft  eg  limit  closer  to  the  eg  of  the  basic 
airf  aire  piopulsion  system  combination  (OEWcg),  thus  easing 
the  balance  problem.  The  payload  eg  could  then  be  shifted  aft, 
since  forward  payload  location  was  no  longer  required  to  balance 
a  far  aft  OEW  eg.  This  permitted  an  aft  shift  of  the  body  on  the  wing  and  elimination  of  excess  body  length  previously  required  for 
balance,  resulting  in  a  reduction  in  body  length  of  150  inches.  The  shortened  fore  body  and  the  landing  gear  relocation  aft  coincident 
with  the  rebalance  allowed  a  reduction  in  vertical  tail  size  and  a  reduction  in  the  landing  gear  length  required  for  ground  clearance.  These 
configuration  changes,  plus  seme  additional  minor  system  revirions  and  a  reduction  in  maneuver  tail  loads,  culminated  in  a  total  weight 
saving  of  about  6000  lb.  Significant  drag  reductions  also  resulted 
from  the  reduced  surface  area  and  improved  trim  drag  situation. 

Substantial  performance  improvements  accrued  from  the  weight 
and  drag  reductions.  The  most  significant  gain  resulting  from 
adoption  of  HSAS  was  a  range  increase  of  225  nautical  miles. 

Figure  2  indicates  the  magnitude  of  the  payload/rangc  trades 
invoKed  with  this  increased  range  capability.  It  is  apparent  that  in 
order  to  achieve  the  same  range  as  the  HSAS  airplane,  the  airplane 
without  HSAS  must  reduce  its  payload  about  30%.  References  1 
and  2  discuss  the  design  evolution  of  the  HSAS  airplane  and 
describe  the  flight  control  system  and  stability  augmentation 
systems  in  some  detail. 


Standard  pi  us  8°C  day 
7S0.QOO  MTW 


48.936 


Payload 

(10001b) 


Airplane  with  HSAS-7 
Without  KUASy 


30%  icst  payload  to  attain 
»*ms  rang*  without  KSAS 


225  nmi 


Paris- New  York  31290  nmi 


Figure  2.  -Pay/otni,  Ft/togy  Benefits  of  HSAS 


Figure  1. -Impact  of  Hard  SAS  on  Configuration 
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Engineering  Costs  Associated  With  the  CCV  Design  Approach 

These  impressive  gJns  in  range  and  payload  were  not  achieved  without  an  equally  impitssive  increase  in  flight  control  system 
costs  over  those  of  current  jet  transports.  For  example,  estimated  total  production  costs  of  the  SST  flight  control  avionics  systems 
were  approximately  double  those  of  the  Boeing  747,  considering  the  747  fully  equipped  with  inertial  navigation  and  Category  111 
fail-operative  auioland  systems.  This,  however,  is  not  an  unr  asonable  cost  increase  in  terms  of  percentage  of  3itpt4iiS  cost, 
total  flight  control  system  avionics  costs  were  estimated  to  approach  2.5%  of  the  projected  airplane  selling  price  for  tne  SST.  This  is 
about  the  same  percentage  of  airplane  price  as  the  747  systems. 

The  CCV  approach  to  SST  longitudinal  balance  and  flying  qualities  had  major  impact  on  the  aircraft  design  development 
engineering  effort.  In  this  new  environment,  the  flight  control  staff  became  a  major  clement  in  the  configuration  team,  with  a 
greatly  expanded  role  in  the  design  iteration  process.  It  became  necessary  to  include  flight  controls  in  the  main  iterative  loop  along 
with  aerodynamics,  structures,  and  propulsion  staffs.  The  engineering  burden  was  greatiy  increased  in  the  flight  controls  ar:a  as  a 
result  of  expanded  analyses  requirements  and  demands  that  paced  the  configuration  development  cycle.  While  conventional  iTcraft 
designs  not  relying  on  augmentation  for  safe  flight  can  be  synthesized  with  stability  and  control  analyses  cf  relatively  few  flight 
conditions,  the  supersonic  CCV  requires  greatly  expanded  analysis.  The  number  of  flight  conditions  requiring  detailed  aerodynamic 
stability  analysis  increased  over  tenfold  for  the  control-configured  SST  compared  to  conventional  subsonic  jet  analysis.  The  depth  of 
analysis  also  increased  greatly  due  to  the  magnitude  of  the  acroelastic  effects  and  the  vital  concern  <vith  aerodynamic  and  sy  item 
nonlinearities  with  regard  to  assuring  safe  control  of  the  unstable  vehicle. 

Data  production  and  engineering  analyses  became  highly  computerized  to  Vrep  pace  with  the  engineering  design  cycles.  Digital 
computer  programs  were  designed  to  permit  development  of  a  complete  synthesis  of  a  proposed  stability  augmentation  system  oil  a 
2-day  turnaround  basis.  This  effort  involved  the  analyses  of  a.  many  as  100  flight  conditions.  The  role  of  flight  simulation  was  a.so 
expanded  greatly.  The  simulator  became  a  primary  design  tool  as  well  as  an  analysis  or  evaluation  device,  since  the  test  results  were 
crucial  to  configuration  design  decisions. 

Engineering  costs  multiply  rapidly  in  a  number  of  areas  when  the  CCV  approach  is  adopted.  Engineering  manpower,  computer 
resources,  wind  tunnel  testing,  and  flight  simulator  testing  all  .xpand  greatly  over  those  required  for  more  conventional  design 
approaches.  Scope  of  the  increased  engineering  problem  is  illustrated  by  the  increase  of  SST  over  747  engineering  desf-m  staffing 
requirements  of  nearly  threefold  in  the  critical  areas  of  aerodynamic  stability  and  control  and  electronic  flight  control  systems. 

Longitudinal  Stability  Achieved  Through  Hard  SAS 

High  reliability  was  achieved  for  the  HSAS  through  design  simplicity,  component  quality,  design  installation  quality,  and  the 
employment  of  multiple,  redundant  independent  channels.  To  keep  the  system  simple,  minimum  demands  were  placed  on  HSAS  for 

augmenting  airplane  handling  qualities;  the  design  requirements 
stressed  the  provision  of  a  conservative  level  of  minimum-safe 
flying  qualities,  rather  than  the  development  of  good  flying 
qualities,  the  latter  being  provided  by  the  ECSS.  Criteria  for 
minimum-safe  handling  qualities  were  developed  primarily 
through  a  program  of  extensive  flight  simulator  testing.  The 
criterion  that  guided  the  HSAS  design  concerned  itself  with  the 
ability  of  the  pilot  to  handle  divergencies  in  pitch  attitude  or 
speed  due  to  instabilities  in  the  longitudinal  axis.  An  example  of 
the  SST  research  to  determine  a  minimum-safe  criterion  appears 
in  figure  3,  which  shows  the  relationship  between  the  pilot’s 
evaluation  of  longitudinal  handling  qualities  and  the  time-to- 
double  amplitude  of  the  unstable  root  in  the  three-degrees-of- 
frecdom  longitudinal  equations  of  motion.  The  curved  Sine  on 
the  graph  summarizes  the  mean  pilot  rating  as  a  function  of  time-to-double  amplitude  as  obtained  from  various  experiments  on 
fixed-base  simulators,  moving-base  simulators,  and  variable-stability  aircraft.  This  work  showed  that  pilots  could  safely  control  the 
airplane  with  time-to-double  amplitude  as  low  as  three  seconds.  This  is  indicated  on  the  graph  by  t*  e  pilot  rating  6 M  intersection 
with  the  curve.  At  pilot  rating  6 54,  the  aircraft  handling  qualities  are  objectionable,  but  the  pilot  can  still  retain  safe  control  of  the 
airplane.  The  HSAS  design  criterion,  hewever,  was  selected  as  6  second?  to  double-amplitude  to  provide  a  comfortably  safe  margin 
for  commercial  aircraft  design  and  operatic?!. 

To  gam  further  perspective  of  the  airplane  longitudinal  stability  a'  -ugmented  by  HSAS,  fljure  4  relates  the  aircraft  stability 
levels  with  and  without  HSAS  to  the  aft  eg  Emits.  The  maneuver  poin  .-fined  in  terms  of  neutrally  stable  short-period  motion 
(with  speed  constant)  is  shown  plotted  versus  mach  number  as  a  shaded  band  for  the  augmented  aitph.ie.  The  airplane  stability 
defined  u  this  manper  is  distinctly  apparent  to  the  pilot  in  terms  of  pitch  rate  response.  For  the  most  ..rittcal  flight  regime  (landing 
approach),  the  effective  maneuver  point  with  HSAS  operating  is  over  10%  aft  of  tnc  aft  eg  limit.  The  more  critical  criterion, 
however,  is  lr.c  three  dcgrec-of-frecdom  criterion  requiring  the  time-to-doublc  amplitude  of  the  unstable  root  to  be  not  less  than 


of  unstable  root 

Figure  3.-Pilot  Rating  of  Longitudinal  Haudlirg  Qualities  for 
Unstable  SST  Configuration 
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6  seconds.  Figure  4  shows  the  eg  at  which  time-to-double  ampli¬ 
tude  of  the  unstable  mode  equals  the  6-second  criterion  for  ihe 
critical  landing  approach  task  with  HSAS  operative.  This  eg  is 
58.5%  Cr  at  the  normal  landing  speed  for  maximum  design 
landing  weight  (147  kn)  and  is  62%  Cr  when  the  landing 
approach  speed  is  increased  20  kn  to  '57  kn.  This  shows  an 
additional  bonus  provided  by  the  HSAS:  if  necessary,  the 
airplane  can  be  operated  safely  with  HSAS  through  the  subsonic 
regime  to  landing  without  moving  the  eg  forward  of  the  mach 
2.7  nominal  cruise  eg  range. 


The  approximate  maneuver  points  for  the  unaugmented 
airplane  arc  also  shown  in  figure  4  to  provide  an  indication  of 
the  stability  benefits  achieved  by  the  HSAS. 


Development  of  the  hardened  stability  augmentation  system  permitted  a  different  approach  to  establishment  of  the  eg  limits 
and  horizontal  tail  size.  With  inherent  natural  longitudinal  stability  no  longer  a  requirement  for  establishing  the  aft  eg  limits  for  the 
unaugmeuted  airplane,  the  paramount  considerations  became  (l)the  provision  of  adequate  control  capability  at  forward  and  af>  eg 
limits  and  (2)  the  provision  of  acceptable  handling  qualities  when  operating  in  the  HSAS  mode  as  defined  by  the  divergence 
criterion. 

Evaluation  of  the  design  concept  proposed  for  HSAS  indicated  that  provision  of  acceptable  flight  char3ct<-n$tics  in  the  HSAS 
mode  would  probably  not  be  the  determining  factor  for  aft  eg  limit.  Instead,  longitudinal  control  was  the  apparent  design  constrain! 
for  both  aft  eg  limit  selection  and  for  horizontal  tail  sizing.  With 
the  stabilizing  benefits  of  the  HSAS,  it  was  possible  to  push  the 
aft  eg  limit  aft  beyond  the  static  longitudinal  stability  neutral 
point  (into  the  unstable  regime)  to  the  point  where  nose-down 
control  became  critical  at  high  angles  of  attack.  This  is  illus¬ 
trated  in  figure  5,  which  shows  typical  low-speed  stability  and 
control  in  terms  of  pitching  moment  versus  angle  of  attack  and 
also  shows  the  selection  of  aft  limit  as  the  most  a<t  eg  at  which 
full  nose-down  control  will  stili  provide  adequate  con".;ol  for 
recovery  from  high  attitudes  or  stall. 

The  establishment  of  horizontal  tail  size  and  eg  limits 
evolved  through  an  iteration  process  involving  examination  of 
high-attitude  nose-down  control  requirements  at  aft  eg  limits  and  nose-up  control  requirements  at  forward  eg  limits.  Horizontal  tail 
size  was  selected  to  match  equally  the  controi  power  requirements  at  forward  and  aft  eg  .imits.  This  is  illustrated  m  the  tail  sizing 

diagram  of  figure  6.  The  most  critical  nose-down  contrd 
requirement  at  the  aft  eg  limit  was  met  with  the  tail  operating 
at  its  maximum  lift  (up-load);  and  the  most  critical  noA:-up 
control  requirements  at  the  forward  eg  limits  were  met  with  the 
tail  operating  at  maximum  attainable  down-load.  This  design 
approach  achieved  absolute  minimum  tail  size  within  the  con¬ 
straints  imposed  by  the  selected  design  criteria. 

The  forward  ccntcr-of-gravity  limits  for  landing  considered 
severe  turbulence  and  wind  shears  i.i  the  final  approach  to 
landing.  The  landing  flare  criterion  is  shown  in  fig-irc  7. 
Through  a  series  of  flight  simulator  experiments,  a  criterion  was 
developed  to  relate  pitch  attitude  acceleration  requirements  to 
the  incremental  lift  or  sink  produced  by  tnc  control  input.  The 
graph  shows  the  acceptable  boundary  of  pitch  attitude  accelera¬ 
tion  versus  the  incremental  normal  acceleration  (g)  produced  bv  the  pitch  control  input.  A  negative  value  of  g  indicates  the  sink 
produced  with  control  input.  For  example,  short-coupled  aircraft  (such  as  tailless  aircraft)  generate  relatively  large  finking  forces 
with  pitch  control  input,  relative  to  the  nose-up  control  moments  produced.  The  boundary  then  establishes  a  need  for  increasing 
pitch  attitude  acceleration  for  the  more  short-coupled  aircraft.  The  relatively  long  tail  arm  afforded  by  the  small  aft  tail  cpntrol  of 
the  SST  produced  relatively  large  nose-up  control  moments  with  very  little  negative  g  sink,  thus  requiring  rather  minimal  pitch 
acceleration  capability. 
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Figure  7. -Landing  Longitudinal  Control  Requirements 


The  uuove  discussions  summarise  briefly  the  airplane  design 
constraints  imposed  by  stability  and  control  criteria  developed 
for  the  SST.  Additional  concerns  that  face  the  designer  of  a 
control-configured  vehicle  of  tliis  type  are  the  interactions  of 
the  flight  controls  with  the  low-frequency  structural  modes  of 
the  aircraft.  As  the  basic  aircraft  becomes  more  unstable,  a 
higher  augmentation  gain  will  be  required  to  provide  satisfactory 
handling  qualites.  The  iow  frequency  structural  modes  will 
impose  gain  limitations  beyond  which  a  structural  mode  can  no 
longer  be  gain-stabilized.  If  phase  stabilization  of  the  first  one 
or  two  structural  modes  is  employed,  it  will  still  be  necessary  to 
gain-stabilize  at  some  higher  mode.  Thus,  the  low  frequency 
struc'ural  modes  imposed  constraints  on  the  degree  aircisft 
instability  that  cowid  be  compensated  by  the  simple,  fixed-gai  1 


augmentation  system  selected  for  the  HSAS.  The  status  cf  !ht  engineering  analysis  at  program  termination  indicated  that  the  SST 
control  system  was  closeiy  approaching  these  design  limitations.  !n  the  final  analysis,  the  limitations  oil  HSAS  gain  imposed  by  the 
structural  modes  would  probably  have  approached  ciosely  the  limitations  imposed  by  the  selected  airplane  controllability  ciitenc 
previously  illustrated  in  figure  5. 


THE  ROLE  OF  AEROELAST1C1TY  IN  CONFIGURATION  DEVELOPMENT 

The  structural  flexibility  of  the  airframe  as  it  impacts  aerodynamic  stability  and  controllabili'y  was  a  major  design 
consideration  for  the  supersonic  transport.  The  long,  slender  fuselage  and  the  thin  highly  swept  wings  that  typify  SST  configurations 
are  particularly  sensitive  with  regard  to  the  effects  of  acroelastic  deformations  under  load.  The  problem  is  further  compounded  by 
the  relatively  soft  structural  design  (low  structural  load  factor,  2.5  g  limit)  and  the  high  mach  number,  high  dynamic  pressure 
operational  environment.  The  severity  of  the  aeroelastic  effects  on  stability  and  control  can  become  a  governing  factor  in  the 
configuration-design  decision  process.  Unfortunately,  the  complexity  of  the  aeroelastic  problems  with  the  multiple  interaction  of 
technical  design  disciplines  does  not  lend  itself  to  rapid  solution,  and  the  analysis  can  well  become  a  pacing  item  in  the  airplane 
design  cycle. 

The  discussions  herein  extend  the  material  of  Part  I  to  cite  some  specific  examples  of  aeroelastic  effects  on  SST  stability  and 
control  and  emphasize  the  importance  of  providing  high  quality  analysis  compatible  with  rapid  engineering  design  cycling. 

Structural  Flexibility  Effects  on  Aircraft  Stability 

As  previously  discussed,  the  determination  of  the  operating  ccnter-of-gravity  range  is  a  particularly  critical  des-gji  problem  for 
SST  configurations.  The  design  considerations  involve  the  prevision  of  adequate  longitudinal  stability  (whether  by  natural  or 
artificial  means),  provision  of  the  best  possible  trimmed  L/D  ratios  ovci  the  normal  operational  envelope.  and  the  provision  of 
pavload-  and  fuel-l'-ading  management  that  arc  compatible  with  airline  operation.  The  problem  of  cp  range  determination  is 
compounded  by  the  wide-ranging  effects  of  mach  number  and  structural  flexibility  on  longitudinal  stability  and  control 
effectiveness.  The  sensitivity  of  trimmed  L/D  and  safe- control  margins  to  eg  location  makes  it  imperative  that  the  longitudinal 
stability  predictions  be  accurate  aftd  that  eg  management  be  precise  throughout  the  flight  envelope.  For  example,  the  300-foot  long 
U.S.  SST  2)07-300  was  designed  with  a  eg  range  of  only  2  feet  at  takeoff  and,  through  management  of  fuel  usage,  moved  the  eg  aft 
about  4  feet  from  takeoff  to  the  beginning  of  mech  2.7  cruise  and  there  maintained  the  eg  without  ±1  fool  cr  the  optimum  eg  for 
cruise. 

The  effects  of  aeroelasticity  on  longitudinal  stability  are  strongly  dependent  on  wing  pianfv  The  upper  half  of  figure  3 
shows  that  for  a  variable-sweep  arrow-wing  configuration  the  aeroelastic  effects  completely  dominate  the  mach  effects  on 
aerodynamic  center  shift.  The  upper  portion  of  the  figure 
compares  the  maneuver  neutral  point  variation  with  mach 
number  for  a  rigid  arrow-wing  aitframe  with  the  flexible  aiiplane 
maneuver  points  at  V^q  (maximum  operating  speed)  and  Vq 
(maximum  dive  speed).  Whereas,  the  rigid  neutral  points  move 
sharply  aft  with  mach  number,  the  aeroelastic  effect:  ’re 
destabilizing  to  such  an  extent  that  the  high  mach  number 
stability  is  actually  less  than  the  subsonic  stabihtv.  Thus,  ihc 
airplane  design  would  call  for  a  fuel  management  system  that 
provides  for  forward  eg  movement  as  mach  number  is  increased, 
as  shown  by  the  suggested  aft  eg  limit  line,  in  contrast  to  this, 
the  lower  portion  of  the  figure  s.iows  that  the  delta  wing 
configuration  is  dominated  by  m-'.ch  effects,  the  aeroelastic 
effects  on  stability  being  quite  smill  and  m  this  case  slightly 
stabilizing.  Thus,  it  is  necessary  to  s)  ift  the  eg  aft  as  mach  number  increases,  in  order  to  maintain  optimum  aerodynamic  efficiency. 
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Figure  8  -S ffcct  of  Aeroelasticity  on  Longituuinai  Stability 
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An  example  of  the  nature  and  the  severity  of  aeroelas'ric  effects  can  be  seen  in  a  variable-sweep-wing  configuration  employing  a 
canard  surface  to  increase  the  longitudinal  control  and  trim  capabilities  throughout  the  flight  envelope.  For  tnis  concept,  the 
magnitude  of  the  aeroelastic  effects  on  longitudinal  stability  introduced  by  the  canarl  proved  to  be  a  prohibits  risk  from  the 
standpoint  of  airplane  stability  and  control. 

The  shape  of  the  clastic  airplane  is  a  function  of  the 
interaction  of  the  structural  flexibility,  the  mass,  and  the 
airloads.  Figure?  indicates  the  nature  of  the  aeroelastic  effects 
on  longitudinal  stability  for  the  canard  configuration,  in  maneu¬ 
vering  flight,  the  aerodynamic  lifting  fortes  acting  on  the 
canard,  forebody,  and  forward  inboard  wing  surface  area  tend 
to  bend  the  forebody  upwards.  The  mass  effects  of  the  loaded 
body  (structural  weight  plus  payload)  produce  a  counter  down¬ 
ward  bending  tendency.  When  the  fuselage  loading  is  light 
relative  to  the  lift  loading,  the  lift  effects  dominate,  resulting  in 
upward  bending  of  the  forebody.  This  is  destabilizing  since  the 
upward  bending  induces  additional  angle  of  attack  and  addi¬ 
tional  lifting  force,  thus  shifting  the  effective  aerodynamic  center  forward.  When  the  fuselage  loading  is  heavy  relative  to  the  lift 
loads,  the  mass  eff r»  '*  dominate,  bending  the  forcbody  downward  in  a  stabilizing  direction. 
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Figure  S>  -Aeroelastic  £  fleets  of  Canard  n  Maneuvering  Flight 


Figure  10  shows  the  magnitude  oi  *he  aeroelastic  lift  and  mass  effects  for  a  long  slender  variable-sweep  SST  configuration 
employing  a  forward  canard  trim  and  control  suiface.  This  particular  analysis  is  for  maneuvering  flight  at  mach  1.7.  and  shows  the 
effects  of  aeroelasticity  on  the  canard  contribution  to  longitudinal  stability.  The  incremental  aerotlastic  maneuver  neutral-point 
shifts  due  to  the  canard  are  plotted  versus  flight  dynamic 
pressure.  For  reference  magnitude,  the  total  center-of-gravity 
range  is  shown  a,  3-Vi%  reference  chord  (root  wing  chord, 
i  58  feet).  The  incremental  aeroelastic  lift  effects  arc  separated 
from  the  incremental  mass  or  inertial  relief  effects  to  show 
clearly  the  relative  magnitudes.  The  pure  aeroelastic  lift  effect 
(massless  airplane)  is  seen  to  be  strongly  destabilizing:  at 
maximum  dive  speed,  the  neutral  point  is  shifted  forward  20% 
reference  chord,  or  almost  six  times  the  entire  eg  range.  Counter 
to  this,  the  incremental  inertia  relief  or  mass  effects  are  seen  to 
be  strongly  stabilizing,  shifting  the  maneuver  point  aft  27%  Cr 
at  a  gross  weight  of  416,000  pounds  ard  21%Cr  at  a  gross 
weight  of  605,000  pounds.  This  variation  with  gross  weight 
results  from  the  fact  that  a:  ligntcr  gross  weights  the  mass 
effects  are  more  dominant,  since  a  given  incremental  change  in 
angle  of  attack  produces  more  load  factor  at  light  gross  weights 
than  at  heavy  gross  weights.  The  net  aeroelastic  effects  (combining  the  lift  and  mass  effects)  arc  found  to  he  stabilizing.  That  is, 
compared  to  the  rigid  airframe  with  canard,  the  flexible  airframe  maneuver  points  are  shifted  aft  due  to  the  aeroelsstic  effects 
induced  by  the  canard. 

The  risks  associated  with  precise  longitudinal  balance  of  the  flexible  canard  airplane  are  clearly  evident  here.  First,  the  ability 
to  balance  the  airplane  precisely  within  a  3-V4%Cr  eg  range  is  questionable  when  the  canard  seroe'astic  effe-ts  alone  are  between 
five  and  eight  times  the  magnitude  of  the  entire  desigr  eg  range.  Second,  the  variation  oc  aeroclasric  mancr  icr  point  shift  due  to 
the  canard  is  a  strong  function  of  gross  weight,  for  this  condition,  this  variation  exceeds  the  eg  range  by  a  factor  of  two  for  weights 
.anging  from  initial  climb  to  final  descent,  kefcrcnce details  these  SST  design  experiences  with  tty  canard  configure1  ion. 
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Figure  IQ.-Effect  of  Aeroelasticity  on  Canard  Contribution  to 
Longitudinal  Stability  in  Maneuvering  Flight 
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Figure  1 1, -Effect  of  Aeroelasticity  on  Directional  Stability 


directional  stability.  A  well  known  characteristic  of  supersonic 
anack  at  high  mach  numbers.  This  problem  is  compounded  for 
long,  slender,  flexible  aircraft  by  the  aeroclasltc  losses  in 
stability  suffered  from  the  bending  under  side  loads  of  the  aft 
body  and  vertical  fin.  Figure  i  1  shows  typical  SST  directional 
stability  and  aeroelastic  effects  at  the  maximum  operational 
speed,  Vj^q.  at  mach  2.7  for  maneuvering  flight  at  3  load  factor 
of  2  g.  Here  we  see  a  75%  reduction  in  directional  stability  due 
to  aeroelastic  effects,  the  main  source  of  the  problem  being  the 
large  loss  in  the  stability  input  ot  the  vertical  fir..  Stability 
problems  of  this  magnitude  impact  the  airplane  design  process 
severely  in  the  areas  of  structures  and  flight  control  systems, 
where  new  design  approaches  are  necessary  to  avoid  undue 
penalties  to  airplane  structural  weighi  and  aerodynamic  drag. 


Structure!  Flexibility  Effects  on  Aircraft  Control 
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The  aircraft  designer  has  long  been  plagued  with  the  problem  of  loss  of  aerodynamic  control  effectiveness  due  to  structural 
flexibility.  This  has  been  a  dominant  consideration  on  transonic  military  aircraft,  and  the  current  generation  of  "ubsonic  cruise 
commercial  jet  aircraft  have  typically  experienced  a  marginal  situation  with  regard  to  providing  sufficient  high-speed  effectiveness  for 

control  surfaces  such  as  outboard  wing  ailerons.  The  problems 
*P*rOTO  are  more  acute  for  supersonic  transports  which  operate  over  a 

much  greater  range  of  mach  numbers  and  dynamic  pressures. 
Typically,  trai ling-edge  controls  outboard  of  mid-span  are  of 
little  use  as  primary  flight  controls  at  other  than  low-speed 
pjii--  -  i  conditions.  Figure  12  shows  the  losses  in  lateral  control  effec- 

Spoiler/slot/door  tiveness  that  are  typical  for  a  deua  wing  SST  at  transonic 

speeds.  For  this  particular  design  case,  the  consideration  of 
lateral  control  elastic  effectiveness  played  a  major  role  in 
configuring  the  wing  trailing-edge  flap  and  control  systems  and 
in  the  selection  of  the  proper  combination  of  controls  to 

Dynamic  pressure,  q  fpsf)  achieve  good,  coordinated  lateral  control  response.  The  inboard 

Figure  12.  -Effects  of  Aeroelasticity  on  flaperons  maintain  effectiveness  to  speeds  beyond  Vp;  however. 

Lateral  Control  Effectiveness  at  Vp  they  nave  lost  87%  of  their  rigid  effectiveness.  The 

spoiler/slot/door  controls,  being  located  wcJ  forward  of  the  trailing  edge  and  relatively  closer  to  the  wing  elastic  axis,  suffer  low 
torsional  losses  and  thus  maintain  nearly  50%  effectiveness  at  Vp.  Thus,  a  combination  of  inboard  flaperons  and  spoilerislot/door 
controls  vns  selected  for  the  high-speed  roll  control  system.  The  outboard  flaperons  suffered  extreme  losses  in  effectiveness  at 
speeds  well  below  and  thus  were  restricted  to  low-speed  operation. 
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Figure  12.— Effects  of  Aeroelasticity  on 
Lateral  Control  Effectiveness 


Similar  data  are  shown  in  figure  1 3  comparing  tail  elevator 
acroelastic  effectiveness  with  an  ail-moving  (slab  tail)  horizontal 
tail  control.  The  elevator  control  is  seen  to  lose  about  80%  of 
its  effectiveness  at  Vp,  whereas  the  slab  tail  maintains  about 
45%  of  its  rigid  effectiveness.  When  we  further  consider  that  the 
slab  tail  is  several  times  as  effective  as  the  elevator  when 
compared  on  a  rigid  basis,  wc  are  led  to  select  the  slab  fail  for 
high-speed  control. 

A  And  example  of  the  important  role  that  structural 
flexibility  plays  in  stability  and  control  analyses  is  shown  in 
figure  1 4.  Here  we  see  the  pronouncea  effect  of  aeroelascics  on 
the  design  hinge  moments  fur  an  all-moving  horizontal  tail 
control.  A!  the  transonic  design  coiidn.cn,  1.5  load  factor  at 
maximum  operating  speed,  ins  structural  deformation  of  the 
slab  tail  resulted  in  a  predicted  60%  reduction  in  required 
control  design  hinge  moment.  This  demonstrates  the  profound 
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Figure  13.  -Effects  of  Aeroelasticity  on 

Longitudinal  Control  Effectiveness 


effect  that  asioclastics  can  have  in  a  critical  ares  of  flight 
control  system  design,  where  the  determination  of  hydraulic 
system  power  requirements  is  a  vital  decision  impacting  flight 
safety  as  well  as  aircraft  weight  and  performance.  The  quality  of 
the  acroelastic  analysis  itself  thus  becomes  a  dominant  concern 
when  specifying  flight  control  system  design  requirements. 

The  Acroelastic  Design  Cycle 


j  /  X  j  Design  condition  The  foregoing  examples  highlight  a  few  of  the  stability  and 

*  3  0  control  design  areas  that  are  critical  from  the  standpoint  of 

tosnauvar  load  factor  (g)  structural  flexibility  effects  for  a  supersonic  transport.  These  are 

,  .  .  straightforward  ext inpies  with  application  to  e 'her  the  CCV  or 

Figure  14.-F.(fect  of  Aeroelasticity  on 

Horizontal  Tail  Hinge  Moments  conventional  stable  vehicle  design  approach.  For  the  CCV  design 

approach,  flight  controls  are  used  to  an  unprecedented  degree 
for  aircraft  performance  improvement,  and  the  acroelastic  analyses  assume  further  importance  in  the  assurance  that  the  flight  control 
system  «  dynamically  stable  and  compatible  with  the  aircraft  structural  properties.  The  aeroela'Ut  analysis,  thus,  takes  on  a  vital 
new  role  in  the  design  of  a  control-configured  supersonic  transport,  becoming  a  key  element  m  the  configuration  design  cycle.  Major 
configuration  design  decisions  such  as  placement  of  the  wing  on  the  body,  determination  cf  the  operational  ce.ver-of-grav,t>  range, 
the  location,  size  and  geometry  of  the  tail  surfaces,  the  type,  size,  location,  and  power  requirements  for  flight  control  su  .faces,  and 
the  type  and  weight  of  various  structural  areas  are  paced  by  the  engineering  efforts  involved  in  aeroelastics  analyr  .. 


if  1.0  2.0  3.0 
tosnauvar  load  factor  (g) 

Fjgws  14.-Effect  of  Aeroelasticity  on 

Horizontal  Tail  Hinge  Moments 
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In  the  U.S.  SST  program,  the  entire  aircraft  design  development  process  became  paced  by  the  aeroelastic  design  cycle.  This 
design  cycle  is  a  complex  process  involving  the  interaction  and  integration  of  all  of  the  technical  design  disciplines.  A  pioper 
discussion  of  this  element  of  aircraft  preliminary  design  would  constitute  sufficient  material  for  a  complete  paper  in  itself  and  thus 
will  not  be  attempted  herein.  However,  a  very  btief  discussion  will  provide  some  insight  into  the  importance  of  this  area  in  the 
design  process. 


Figure  1 5  presents  a  greatly  conder^ed  description  of  the  aeroelastic  design  cycle,  showing  only  the  basic  interactions  between 
the  structural  analysis  and  flight  controls/stability  and  centre1  oisciplin'a.  '.'he  equally  critical  design  cycle  work  of  the  other 


technical  disciplines,  such  as  aerodynamics,  propulsion,  weights,  and  systems,  that  interact  with  and  support  the  structures  and 
controls  worU,  is  no:  shown.  The  complete  design  cycle  consists  of  the  integrated  workings  ol  all  of  these  disciplines  interwoven  into 
a  complex  supply  and  demand  system  of  analysis,  test,  d/ta  base  development,  and  decision  making. 

The  initial  activity  consists  of  configuration  definition  and  a  well  detailed  development  of  the  design  objectives  and  design 
criteria.  The  configuration  definition  estaK.-thra  toe  ■..--raf'  fire,  weight,  and  balance  from  the  preliminary  estimates  of  the 
aerodynamic,  structural,  and  propulsion  system  con  jurations  required  to  meet  tire  payioad/range,  noise,  field  length,  and  economics 
goals.  The  stability  and  control  analysis  is  a  key  part  of  this  phase  in  establishing  the  airplane  balance  and  configuring  the  tail 
jurfacer.  This  activity  locates  the  wing  on  the  body  and  sires  'he  empennage  surfaces,  thus  strongly  influencing  the  areas  of 
structures  weights,  and  aerodynamics.  The  early  estimates  arc  based  on  theoretics!  analysis  and  hopefully  some  wind  tunnel  testing 
conducted  eirine  earlier  research  phases.  Critical  flight  conditions  and  the  degree  of  benefit  from  stability  augmentation  are 
assumed,  and  quasi-static  aeroelastic  corrections,  including  distributed  mars  ••fleets,  are  estimated  to  establish  the  inherent  stability 
and  aerodynamic  control  levels  required. 

Having  established  the  design  criteria  and  the  configuration  base,  the  preliminary  design  work  begins  with  estimation  of  design 
airload  distributions,  structural  paneling,  and  other  work  to  develop  the  airplane  flexibility  matrix  and  structure  siring  that  ste 
required  to  support  the  initial  assessment  of  stability  wd  control,  design  loads,  and  flutter  stability.  The  stability  and  control  effoits 
during  this  phase  refine  the  longitudinal  balance  estimates,  configure  the  tails  and  ail  control  surfaces,  and  develop  the  initial  designs 


of  the  stability  augmentation  and  flight  control  systems,  including  identification  of  SAS  gains,  authorities,  control  laws,  control 
surface  deflection  ranges,  rates,  and  power  requirements.  The  technical  data  base  for  this  phase  of  the  stability  and  control  analysis 
is  provided  by  wind  tunnel  testing  and  aerodynamic  theory.  The  stability  ind  control  work  is  supported  by  the  structural  analyses 
that  provide  the  effects  of  structural  flexibility  on  the  .'.crodynamic  deriva.ives  and  develop  the  distributed  mass  aeroelastic  effects 
for  the  range  of  airplane  loadings  calculated  ove.  the  flight  envelope.  A  detailed  modal  representation  must  also  be  included,  if 
active  controls  are  to  be  employed  for  stabilizafon  of  an  otherwise  unstable  veiude,  or  for  structural  load  alleviation  or  ride 
qualities  improvement 

If  the  preliminary  design  phase  is  successful  in  converging  on  a  workable  airplane  configuration,  the  design  cycle  continues  into 
a  configuration  validation  phase.  This  is  a  complex  design  iteration  process  involving  structure  resizing,  wcight-and-balance 
adjustments,  aerodynamic  modifications,  and  adjustments  to  the  configuration  and  systems  to  meet  design  requirements  and 
optimize  the  overall  configuration.  This  process  is  a  continual  exercise  in  adjustment  and  compromise  as  model  testing  and  analyses 
provide  further  understanding  of  the  design  changes  necessary  to  assure  substantiation  of  aerodynamics,  structural,  and  control 
system  stability.  Throughout  this  design  iteration  process,  the  flight  control  system  design  plays  a  crucial  role  in  the  configuration 
development.  Since  the  control  system  is  being  employed  to  stabilize  as  well  as  control  the  vehicle,  the  limits  of  control 
system/structural  dynamic  stability  must  be  established  with  accuracy.  The  final  phases  of  the  design  cycle  provide  detailed 
configuration  and  systems  definition  and  design  validation  required  to  proceed  with  confidence  into  the  aircraft  detailed 
'.esign  phase. 

The  entire  design  cycle  described  in  the  foregoing  and  shown  in  figure  IS  vill  require  anywhere  from  12  to  24  months, 
depending  on  the  complexity  of  the  aircraft  configuration,  the  assigned  manpower,  test  facilities  scheduling,  and  degree  of 
computerized  analysis  in  each  technical  discipline. 

Current  research  efforts  within  industry  and  government  are  striving  to  speed  the  airplane  design  process  through  the 
development  of  computerized  preliminary  design  systems.  These  programs  can  be  extremely  effective  in  streamlining  the  preliminary 

design  process  and  are  already  in  use  throughout  the  industry. 
There  is.  however,  a  very  real  problem  that  is  not  receiving 
sufficient  research  attention  at  this  time;  that  is.  the  quality  of 
the  aeroelastic  analysis  is  severely  lacking  in  critical  design  ureas, 
particularly  for  supersonic  aircraft.  The  critical  design  areas  for 
aircraft  stability,  controllability  and  structural  loading  usually 
occur  at  conditions  of  high  load  factor  and  involve  controls 
deflected  through  large  angles.  For  supersonic  aircraft,  the 
design  conditions  usually  fall  within  the  transonic  area,  where 
considerable  uncertainty  exists  regarding  aerodynamic  flow 
characteristics.  These  flight  conditions  involve  nonlinear  aero¬ 
dynamic  effects  such  as  shock-induced  boundary  layer  separa¬ 
tion.  vortex  flows,  and  airfoil  pressure  limiting.  Under  these 
conditions,  our  bas-r  aerodynamic  analysis  tool,  linearized 
theory,  is  not  satisfactory  An  example  of  this  is  seen  in 
figure  16.  which  presents  a  simple  comparison  of  measured 
pressure  distribution  wi'h  that  predicted  by  linear  theory-  for 
the  rigid  delta  planform  SST  horizontal  tail  at  0.95  mach.  For 
this  case,  the  tail  W3S  down-loaded  substantially  with  a  tail 
leading-edge-down  incidence  of  10*  and  elevator  trailing-edge-up 
deflection  of  1 7.5".  Considerable  difference  is  seen  between  the 
theoretical  and  experimental  pressure  distributions,  particularly 
over  the  aft  portions  of  the  airfoil  near  the  elevator  hinge  line 
(about  75%  chord). 


A  program  is  needed  to  develop  and  verify  methods  of 
predicting  stability  and  lead  distribution  of  elastic  airplanes 
where  the  flight  conditions  invoive  transoi  ic  operation,  high 
angles  of  attack,  and  large  control  dcfkctk  ns  where  nonlinear 
aerodynamic  effects  predominate.  A  worthwhile  effort  would 
involve  a  coordinated  program  of  aeroelastic  mode!  testing  and 
pressure  model  testing  to  develop  empirical  corrections  to  be 
applied  to  aerodynamic  influence  matrices  developed  with 
linearized  theory 

An  obvious  conclusion  of  the  Soemg  SST  development  work  is  tHt  any  coming  generation  of  supersonic  cruise  vehicles  will 
rely  on  electronic  flight  control  systems  to  an  unprecedented  degree  for  stabilizarion,  load  alleviation,  and  ride  quality- 
improvements.  Research  to  improve  the  quality  and  speed  the  completion  of  the  3crochstic  design  cycle  is  sorely  needed.  This  work 
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Figure  16.-Predicted  versus  Experimental  Rigid  Pressure 
Distributions  for  SST  Horizonta1  Tail  at 
Mach  0.95,  With  Tut! Deflected  10  Leading  Edge 
Down  and  Elevator  17.5 *  Trailing  Edge  Up 
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will  assuredly  be  rewarded  with  substantial  payoffs  in  reduced  engineering  costs  and  risks  and  in  improved  aircraft  safety, 
performance,  and  economics. 
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SUMMARY 


Th*  paper  drawn  on  B.A.C.  experience  of  national  and  international  aircraft  development 
programme*  in  an  anilysie  of  trend*  in  total  Cost  of  Ownership  of  combat  aircraft. 

This  Life  Cycle  Cost  analysis  is  related  to  the  Air  Force  budget,  and  some  ways  are 
considered  by  which  Industry,  Procurement  Agency,  end  Air  Force  adght  alleviate  the 
rising  cost  of  Air  Force  operations. 


Introduction 


Fta.1  BRITISH  AIRCRAFT  CORPORATION 
MILITARY  AIRCRAFT  OMSKM 


Figure  1  illustrates  the  extensive 
background  of  experience  on  which  BAC  can 
draw.  This  is  a  brief  history  of  the 
aircraft  built  by  the  Military  Aircraft 
Division  of  the  Company.  The  bars 
indicate  the  timescales  from  1st  flight 
through  the  production  history. 

One  of  the  symptoms  of  the  operating 
cost  problem  is  already  apparent  in 
fig.  1,  namely  the  decline  in  the  rate 
at  which  new  projects  hisve  been  initiated. 

Considering  that  fu  the  days  of  Canberra 
there  were  many  other  new  projects  being 
started  in  other  companies  in  the  U.K. , 
whilst  in  the  1970s  the  Jaguar  and  MRCA 
programmes  are  absorbing  a  much  greater 
part  of  the  front  line  aircraft  budget,  it 

is  clear  that  the  trend  is  even  stronger  than  indicated  by  this  diagram.  TSR2 
cancellation  was  proof,  if  any  is  needed,  that  budget  constraints  will  override  both 
military  need  and  technical  success. 


Since  Jaguar  and  MRCA  experience  contribute  significantly  to  the  content  of  the 
paper,  it  would  be  appropriate  to  identify  briefly  the  stag*  which  these  projects  have 
reached.  Figure  2  shows  a  line-up  of  Jaguars:  this  aircraft  is  now  going  into  full 
scale  production,  deliveries  to  the  Arm**  d*  1'Air  and  Royal  Air  Force  exceeding 
30  at  the  tin*  of  writing. 


Fig.2  Fig.3 


Th®  first  MRCA  Prototypes  are  in  an  advanced  stag*  of  construction.  Fig.  3  is  an 
artist's  illustration  of  the  aircraft,  which  is  used  to  avoid  unnecessary  classification 
of  the  paper.  The  experience  of  International  collaboration  which  w*  have  gained  on 
these  two  projects  will  be  referred  to  lator:  the  Jaguar  with  AMD-Breguet  in  France 
and  the  MRCA  with  MBB  and  Aeritalia  in  Germany  and  Italy  respectively. 


Airforce  Bgdtti  Trends 


Returning  to  the  Bain  then*, Figure  4 
shows  that  the  trend  of  lengthening  life 
in  service  of  combat  aircraft  Is 
compounded  by  the  evidence  of  declining 
fleet  strength.  Somewhat  over  a  quarter  of 
these  totals  In  recent  years  have  been 
front  line  combat  aircraft,  and  the 
remainder  of  the  discussion  concentrates 
on  this  segment.  By  the  1980s  Jaguar  and 
MRCA  will  form  a  very  dominant  proportion 
of  this  combat  inventory  and  will  also 
constitute  a  significant  part  of  several 
other  European  Air  Forces. 


Since  lengthening  service  life  and 
diminishing  numbers  are  evidently  due  to 
budgetary  constraints  to  a  large  extent, 
consider  the  trends  which  are  evident  in 

the  Air  Force  budgets  of  several  NATO  nations,  extracted  from  published  data  and 
condensed  into  Figure  5o 

Despite  differences  and  uncertainties 
of  definition,  the  common  dominant 
characteristic  evident  in  all  these  budgets 
is  the  rise  in  the  proportion  necessary  to 
cover  manpower  costs  in  operating  the 
Air  Force.  Included  in  the  manpower 
bracket  are  such  items  as  pensions  and 
support  services  which  car,  be  directly 
attributed  to  maintaining  this  manpower. 

The  next  block  is  the  budget  required  for 
spares  and  other  operating  expenses,  fuel 
and  so  on.  These  costs  are,  of  0010*80, 
determine  1  by  the  characteristics  of  air¬ 
craft  purchased  in  the  1950s  and  60s,  and 
at  least  until  these  are  replaced  the 
ameunt  required  for  operations  must  remain 
roughly  constant.  Finally,  as  a  residue  at 
the  top  is  the  funding  available  for  new 
equipment  including  research  and 
development.  The  extrapolation  cf  this  trend  is  of  course  a  hazardous  business,  and  in 
illustrating  the  top  band  diminishing  towards  zero  in  the  late  1980s,  it  is  asmimed  that 
the  real  level  of  total  military  budgets  remains  roughly  constant.  In  essence,  this 
trend  reflects  results  already  reported  by  other  investigate, -,  notably  in  the  Nommer 
Report  in  Germany  (ref.  l). 

This  depressing  picture  prompts  the  question: 

How  could  the  Air  Force,  Procurement  Agency,  and  Industry  be  motivated  to  improve 
operating  costs  (including  manpower  requirements) ,  for  the  benefit  of  "next 
generation"  aircraft  budgets?  This  motivation  is  inevitably  difficult  to 
perceive,  since  any  improvement  may  well  imply  conflict  with  more  immediate 
interests:  for  example  in  performance  demands  by  the  Air  Force;  in  diverting 
R  &  D  expenditure  intc  mundane  reliability  problems;  and  in  the  implications  of 
reduced  levels  of  spares  and  overhaul  business  to  industry. 

This  motivation  problem  is,  perhaps,  alrsady  partly  answered  by  the  implications  of 
figure  5*  Without  significant  changes,  the  Air  Force  would  eventually  have  obsolete 
aircraft;  the  procuring  agencies  would  have  nothing  to  procure;  and  industry  would  have 
no  new  business.  With  ths  growing  recognition  of  this  problem  in  recent  years  it  is 
tempting  for  each  party  to  look  for  ways  of  blaming  the  others.  Thus,  for  example,  ths 
Air  Force  could  demand  of  industry  "Provide  better  reliability  and  maintainability",  but 
tending  to  ignore  the  cost,  risk,  weight,  performance  penalties  and  to  forget  about  who 
pays.  Similarly,  the  procurement  agencies  can  complain  about  rising  costs  of  aeroplanss 
(but  who  specifies  the  performance  and  complexity  standards? )  or  industry  can  point  the 
accusing  finger  at  the  " extra va gene e"  of  Air  Force  flying  operations  without  acknowledging 
that  the  proficiency  of  the  Air  Force  in  wartime  might  be  at  stake. 

Each  of  these  responses  contains,  in  essence  a  reasonable  question.  Accusation 
does  not  provide  answers,  however.  The  objective  of  this  paper  is  to  suggest  that  fair 
end  reasonable  solutions  are  possible,  through  mutual  analysis  and  evaluation  of  the 
problems  by  all  the  parties  concerned.  At  th*  present  time ,  the  structure  of  the 
aircraft  procurement  process  does  not  seem  to  encourage  the  mutual  thrashing  out  and 
understanding  of  all  the  interacting  interests  which  the  situation  demands. 


Fig.  5  BUDGETARY  TRENDS  IN  NATO  AIR  FORCES 
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Figure  6(a)  illustrates  the  author's  impressions  of  the  functions  perforated  by  the 
three  parties  In  generating  a  new  coafcat  aircraft  project,  and  the  major  comaamication 
links.  In  essence,  the  only  part  of  the  Air  Force  function  which  gets  through  to 
indsAiry  (and  that  often  via  the  procurement  agency)  is  the  specification,  which  in  many 
ways  presupposes  a  particular  solution  of  the  wartime  task.  Certainly  some  elements  of 
the  puacetime  task  are  represented  in  the  specification  in  the  form  of  demandn  for 
reliability  and  maintainability,  but  the  basic  operating  philosophy  and  the  functional 
needs  of  the  peacetime  task  are  not  really  considered  as  matters  of  interest  to 
industry. 


Fig.  6a  TASK  BREAKDOWN  (PRESENT) 


Fig.  6b  TASK  BREAKDOWN  (PROPOSED) 


The  tendency  for  the  cosipromises  between  specification  and  budget  to  be  determined 
before  industry  has  any  real  hand  in  the  project  is  happily  giving  way  to  a  process  of 
earlier  consultation.  This  however,  still  tends  to  be  a  one-way  process,  in  which 
industry's  contribution  to  the  optimisation  process  is  hampered  by  its  minimal 
participation  in  official  evaluation  studies.  On  the  cost  side,  there  is  of  course  very 
close  monitoring  by  the  procurement  agency  of  industry's  expenditure  and  future  estimates, 
but  this  has  tended  to  be  limited  almost  exclusively  to  the  investment  phase,  that  is 
research,  development  and  initial  procurement.  A  slightly  modified  version  of  this 
diagram  is  illustrated  in  figo  6(b),  incorporating  some  remedies' to  the  above  criticism. 

The  key  point  is  the  inclusion  of  a  joint  evaluation  process,  in  which  all  aspects 
of  Air  Force  requirements  can  be  examined  in  perspective  with  all  aspects  of  the  cost  of 
ownership.  Thus,  industry  would  become  more  involved  *ith  meeting  che  total  task,  (in 
place  of  an  aircraft  specification)  integrating  engineering  studies,  cost  and 
operational  analysis  into  a  single  iterative  process.  The  need  for  operating  costs  to 
be  added  in  the  monitoring  process  nas  already  become  self-evident.  In  the  absence  of  a 
co-operative  evaluation  process,  BAC  have  developed  a  preliminary  life-cycle  cost  model: 
this  study  does  not  at  present  have  the  benefit  of  officially  approved  data  in  some 
areas,  although  there  is  encouraging  evidence  of  widespread  interest  and  cooperation  at 
an  informal  level  in  the  U.K. ,  both  in  the  procurement  agency  and  the  Air  Force. 

Life  Cycle  Costs 

If  life  cycle  cost  analysis  is  tc  ba  convincing,  it  must  be  capable  of  matching  and 
explaining  the  breakdown  of  past  budget  allocations.  Recognition  of  the  main  driving 
parameters  controlling  constituent  elements  of  life  cost  should  lead  directly  to  some 
indications  of  areas  in  which  industry  and  the  Air  Force  could  influence  these 
significant  parameters  to  obtain  maximum  effectiveness  within  total  budget  constraints. 

At  the  same  time,  the  functional  basis  for  the  extrapolation  of  diagrams  like  Fig.  5 
should  become  apparent.  For  example,  manpower  costs  are  the  product  of  manpower  strength 
of  the  air  force  and  wage  rates.  There  is  an  inevitable  tendency  for  manpower  payscale 
inflation  rates  to  exceed  national  inflation  indices,  since  the  latter  always  to  contain 
an  element  of  material  cost  which  is  normally  increasing  at  a  lower  rate.  Furthermore 
the  decline  in  military  conscription  over  the  years  has  tended  to  force  a  rise  in 
pay  scales  at  times  considerably  in  excess  of  national  average  wage  inflations.  Skill 
levels  required  have  increased,  adding  further  to  the  need  for  competitive  payscales. 

Such  changes  auiy  be  transient,  and  therefore  not. amenable  to  extrapolation. 

It  is  not  proposed  to  develop  this  theme  into  a  quantitative  analysis  in  this  paper, 
though  it  should  be  included  in  a  serious  evaluation. 

The  more  fundamental  question  of  manpower  strength  level  must  also  be  related  to  its 
functional  rwquirements:  consider  the  implications  of  fig.  7. 
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RAF  Manpower  nuaberi  have  t and ad  to 
decline  with  th*  inventory  strength  of  the 
Air  Force  but  not  at  the  same  rate.  The 
rather  rapid  growth  shown  in  Figure  7  in 
nuabers  of  Men  per  aircraft  which  took 
place  in  the  1950s  was  presuMably  due  to 
increases  in  the  performance  and  complexity 
of  the  aircraft.  It  is  vital  to  know  what 
features  of  aircraft  complexity  led  to  thi* 
growth.  Did  complexity  stop  increasing 
during  the  60s,  or  was  further  increase 
offset  by  valiant  efforts  on  the  part  of  the 
Air  Force  to  streamline  operations  and 
reduce  overheads?  Statistical  extrapolation 
will  not  answer  these  questions. 

It  should  be  noted  at  thi*'  point  that 
increasing  complexity,  and,  if  necessary. 


manpower  and  cost  per  aircraft  is  not 

necessarily  a  bad  thing,  if  it  is  accompanied  by  a  genuine  increase  in  the  effectiveness 
per  aircraft.  This  has  certainly  been  true  in  such  features  as  payload  delivery 
accuracy  and  survival  characteristics  of  recent  aircraft.  However,  intuition  suggests 
that  improvement s  in  quality  cannot  indefinitely  maintain  the  balance  if  numbers  continue 
to  decline  at  the  rate  they  have  in  the  recent  past. 


It  is  not  the  obi  jctiva  of  this  paper  to  examine  the  measuresient  and  trends  of 
aircraft  quality:  we  have  computer  modelling  techniques  now  availeble  capable  of  fairly 
detailed  evaluation  of  operational  effectiveness  in  various  military  roles.  Providing 
we  assume  that  such  methods  are  used  to  justify  (or  reject)  any  increase  in  technology 
standards  or  complexity  of  future  aircraft  projects,  it  is  reasonable  to  study  the  trends 
of  lifn-cycle  coits  in  the  context  of  ah  aircraft  typical  of  present  generation  standard*. 
It  is  not  possible,  in  any  case,  within  the  scope  of  this  paper,  to  consider  the 
multitude  of  directions  i-'-  which  technology  might  develop. 


For  illustration  purposes,  and  to  avoid-  getting  involved  in  sensitive  commercial 
and  possibly  security  hazards  on  actual  aeroplanes,  a  hypothetical  aircraft  has  been 
defined  with  the  following  characteristics  and  desl.mated  F'X': 


HYPOTHETICAL  F'X* 
CLEAN  T.O.V.  10,000  Kg 
MACH  1.5 

2  x  4,000  kp  ENGINES  (NEW) 

1  SEAT 

FIGHTER/ATTACK  AVIONICS  (EXISTING) 
IN  SERVICE  1965 
15  YEAR  PLANNED  LIFE 
PRODUCTION  200 


It  was  intsndsd  that  this  F'X*  should  hsvs  characteristics  somewhere  between,  say. 
Hunter  and  Phantom,  and  it  is  not  import  ant  to  ths  argument  exactly  where  this  "typical" 
aircraft  is  placed  in  ths  spectrum,  A  full  scale  investigation  would  require  analysis 
of  each  actual  aircraft  in  ths  inventory. 


Fig.  8  is  a  breakdown  of  ths  life¬ 
cycle  costs  of  the  F'X'  on  the  left,  using 
the  BAC  Life  Cycle  cost  model,  taken  at 
1970-71  economic  conditions  for  wags  rates 
and  material  costs.  More  detail  of  this 
breakdown  will  become  apparent  below.  On 
the  right,  the  seme  aircraft  life-cost  is 
compared,  on  a  percentage  basis,  with  ths 
budget  breakdown,  using  ths  same  sub¬ 
divisions  as  figure  5. 

The  equivalence  of  the  two  right  hand 
column*  is  sufficiently  close  t«>  conclude 
that  the  assumptions  in  th*  life  cost  model 
are  reasonable.  Th*  budget  breakdown.,  of 
course,  covers  all  types  of  aircraft, (combat 
transport,  training,  etc.)  and  mixes 
operating  costs  of  1960s  aircraft  with 
procurement  of  1970*  aircraft  and  R  &  D  of 


Fig.8  UFE  CYCLE  COSTS 
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aircraft  which  aay  appear  in  tha  1980s.  Variations  in  assumptions  about  ths  quantity 
procured  (200  in  this  case}  and  the  life  in  service  (assumed  at  1?  years)  would  also 
produce  variations  in  the  relative  magnitudes  of  different  elements  of  the  cost  build-up. 

The  main  parameters  associated  with  each  block  oi"  the  left-hand  column  are 
discussed  below,  and  the  kind  of  changes  which  might  ht>v*  appeared  if  this  same  aircraft, 
K'X' ,  had  been  a  product  of  the  1970s  are  illustrated.. 


Launch  and  Acquisition  Costs 

Pig.  9  indicates  a  typical  parametric/ 
statistical  approach  to  cost  estimation 
which  has  been  the  subject  of  many  papers  by 
Rand  and  others.  BAC  use  this  method 
increasingly  in  keeping  track  of  costs 
during  the  early  phase  of  new  project 
studies.  Sufficient  real  data  has  now  been 
collected  at  BAC  to  provide  a  reasonable 
confidence  level  that  the  main  controlling 
parameters  are  realistically  represented. 

The  numbers  inserted  on  this  and  later 
block  diagrams  are  those  relating  to  the 
hypothetical  F'X*  aircraft. 


Ffc.9  ACQUISITION  COST- STATISTICAL 
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This  approach  to  costing  avoids  the 
tendency  to  optimism  which  afflicts  most 
detailed  task  estimating  methods)  the 
records  of  what  was  actually  spent  in  past 

programmes  are  modified  by  relative  complexity  factors  which  have  themselves  been 
validated  by  comparisons  of  past  programmes.  The  danger  of  optimism  in  the  input# 
(particularly  sizes,  weights,  equipments)  must  still  be  avoided.  The  central  blocks  of 
the  diagram  concern  policy  factors  which  may  introduce  significant  departures  from 
previous  experience,  and  which  may  not  always  be  predictable  at  the  conceptual  phase  of 
design. 


It  would  take  too  much  space  to  go  into  details  regarding  the  form  of  the  inputs  on 
the  left  of  fig.  9;  everyone  in  the  business  will  have  his  own  version  anyway.  Some 
aspects  of  the  first  two  policy  factors  indicated,  development  philosophy  and 
collaboration,  are  however  worthy  of  comment. 


Development  Philosophy 

This  is  a  very  large  subject  which  could  occupy  a  separate  paper  on  its  own.  By 
way  of  definition,  management  options  considered  under  this  heading  are  development 
batch  programmes,  prototype  programmes  (or  mixes  of  these  two),  and  development  stretch 
of  existing  t„?',s. 


It  is  not  pro* ' <ed  to  develop  a  formal  analysis  of  the  various  implications  of 
cost,  risk,  and  timescale  in  this  paper.  Sufficient  to  note  that  each  option  has  its 
place  in  some  circumstances:  development  batch  fo:'  minimum  timescale  on  low-risk 
progresses:  prototype  programme  for  minimum  risk  (particularly  with  technology 
innovation) ;  development  stretch  for  minisram  launch  cost  (but  not  necessarily  best  total 
life  cost/effectiveness).  The  assessment  of  the  balance  between  objectives  of  time  and 
cost  predictions,  and  the  risk  of  exceeding  these  predictions,  is  not  yet  a  science. 

BAC  experience  of  many  varieties  of  national  and  international  programmes  tends  to 
indicate  that  some  compromise  between  the  development  betch  and  prototype  approaches 
may  frequently  be  the  best  choice. 


The  basic  F'X'  costs  of  fig.  8  were  based  on  such  a  compromise  policy,  and  it  is  not 
considered  that  major  changes  would  be  introduced  if  this  aircraft  were  being  developed 
in  the  70* s.  The  opportunity  for  saving  through  the  option  of  development  stretch  of 
the  "existing"  aircraft  depends  mainly  on  whether  the  basic  performance  limitations  of  a 
1998  design  (for  1965  in  service)  will  be  capable  of  survival  in  the  changed  defence 
scenario  of  the  1980' s.  This  possibility  is  discarded  for  the  purposes  of  the  current 
analysis,  though  it  might  exist  in  some  special  cases. 


Collaboration 


International  collaboration  agreements  have  so  many  possible  varieties  of 
political,  administrative  and  commercial  character  that  a  neat  classification  is 
impossible.  Certainly  it  would  be  almost  inevitable  that  an  F’X*  of  the  1970's  would 
have  a  collaboration  base:  some  attempt  must  therefore  be  made  to  define  a  framework  for 
analysis  of  cost  implications.  The  following  very  brief  comments  are  concerned 
primarily  with  the  "engineering"  aspects: 

(a)  Design  Authority 

Collaboration  on  design  authority,  whereby  several  industrial  and  Government 
partners  all  have  to  agree  at  all  decision  levels,  can  lead  to  extremely  heavy 
factors  for  duplication  of  studies  in  depth,  possibly  extending  even  to 
significant  test  programmes.  However,  it  is  hardly  concievable  that  the  total 
cost,  divided  by  the  number  of  participants,  would  grow  to  the  level  a  single 
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nation  effort,  even  with  th#  Moat  vigorous  disagreements  aaiongat  the  partners. 

The  very  real  benefits  sometimes  obtained  from  melding  a  variety  of  viewpoints  into 
the  design  should  rot  be  overlooked. 

(b)  Design  and  Development 

If  the  design  authority  question  is  reasonably  clear  cut,  the  cost  of 
sharing  development  work  is  small  by  comparison  with  the  benefits  of  sharing  the 
bill.  However,  there  is  inevitably  a  large  amount  of  legwork  involved  in 
keeping  the  decision  processss  roughly  in  line  with  the  development  work,  end 
work  sharing  agreements,  for  political  or  financial  reasons,  are  liable  to 
result  in  divisions  which  require  extensive  administration  and  some  duplication. 

(c)  Component  Manufacture 

On  the  production  side,  the  manufacture  of  parts  can,  of  course,  be  split 
with  the  benefit  of  substantially  increased  quantities  and  with  quite  modest 
costs  for  liaison  and  transport  once  the  process  is  properly  under  way. 

( d)  Final  Assembly 

Sharing  final  assembly  in  several  different  locations  obviously  requires 
duplication  of  assembly  tooling  and  loss  of  the  potential  learning  benefit  in 
this  area.  Perhaps  the  need  for  separate  national  assembly  lines  will 
gradually  disappear  as  integration  within  EEC  becomes  more  firmly  established. 

( e)  Political  factor r 

Finally,  it  must  be  noted  that  collaboration  produces  an  element  of 
stability.  It  is  quastionable  whether  Jaguar  would  have  survived,  as  a  national 
project,  the  radical  changes  in  British  and  French  plans  for  the  roles  of  the 
aircraft  -  a  major  shift  from  training  to  strike  roles  on  both  sides. 

Incidentally,  the  tendency  for  collaboration  to  lead  to  several  different 
-  nts  of  an  aircraft,  whilst  adding  inevitably  to  costs,  may  confer 
. ei  *  benefits  of  flexibility  in  Air  Force  planning,  and  in  export  sales.  Direct 
cost  penalties  stay  well  be  very  small  compared  with  separate  projects  for  each 
role,  provided  that  basic  mission  requirements  are  reasonably  similar  -  e.g. 
strike,  recce,  and  strike  training.  However  the  compromises  required  to  achieve 
multi-role  airframe  compatibility  might  generate  significant  changes  in  the 
initial  conceptual  design  parameters,  with  impact  both  on  cost  and  effect). veness. 
All  these  factors  can  be  realistically  evaluated  with  the  computer  analysis 
tools  now  at  our  disposal. 

Summarising,  the  total  cost  of  H  &  D  for  a  collaborative  project  may  lie  anywhere 
from  JIO X  to  over  50#  above  the  single-nation  cost,  depending  strongly  on  tbs  extent  of 
decision  sharing  and  multi-role  compromises.  Sharing  this  higher  total  cost  amongst 
the  participating  nations  may  yield  savings  of  25-40#  against  single  nation  costs. 
Production  costs  are  reduced  slightly  by  learning  benefits,  providing  there  are  not 
too  many  variants. 

Consider  now  the  impact  of  a  2-nation 
collaboration  arrangement  on  the  R  &  D  and 
initial  procurement  costs  of  the  F'X' 
aircraft  in  figure  10.  The  type  of  prog¬ 
ramme  assumed  here  would  remain  the  mix«id 
prototype/development  batch  variety,  end  we 
have  assumed  that  the  more  expensive 
pitfalls  of  collaboration  have  been  avoided, 
and  that  the  two  nations  have  agree.,  upon 
the  same  configuration  of  the  aircraft.  The 
right  hand  column  shows  that  some  20#  of  the 
total  launch  and  acquisition  costs  would  be 
saved.  This  is  of  course  now  fairly  consnon 
practice  in  principle,  though  political 
compromise  often  still  detracts  from  the 
ideal  efficiency.  The  sub-divisions  of  the 
columns  show  how  the  various  cost  elements 
are  affected.  It  is  worth  noting  that  the 
actual  operational  establishment  aircraft  in 

this  analysis  totals  143,  the  remaining  57  (making  up  the  200  production  per  nation) 
being  an  allowance  for  wastage  over  15  years  In  service. 

It  will  be  apparent  that,  life-cycle  cost  savings  through  such  collaboration  saiy  be 
only  about  6-7#,  emphasising  the  need  for  proper  evaluation  of  role  compromises. 


Fio-10  COLLABORATION  EFFECTS  ON  LAUNCH 
AND  ACQUISITION  COSTS 
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Operating  Costs 


Fi9.il  OPERATING  COSTS 


cost  tusen 


*00  FM  f 

- , 

A  r. 

, 

EMGJMC  THMJ5T 


Th«  main  element*  ar»  notad  in  fig. 11. 

Again  sob*  figures  are  noted  for  the 
hypothetical  F'X*  aircraft. 

Key  inputs  having  the  greatest  effect 
on  the  operating  cost  are  system  unit  cost, 
reliability  and  Maintainability,  and  peace- 
tine  flying  task. 

Since  the  aircraft  is  a  "fixed 
quantity"  in  this  analysis,  its  system 
costs  are  similarly  fixed,  as  are  the  engine 
and  aircrew.  The  peacetime  flying  task  is 
considered  further  below:  for  the  present, 

300  flying  hours  per  year  per  aircraft  are 
assumed.  Consider  first  the  influence  of 
reliability  and  maintainability.  Not  only 
engineering  manpower  (with  its  overhead  of 
about  four  Air  Force  and  civilian  "support" 

men  to  evory  aircraft  maintenance  man) ,  but  also  spares  end  overhaul  costs  are  directly 
related  to  the  defect  rate.  Spares  and  repairs  of  equipment  and  engines  cost 
substantially  more  in  the  life  of  the  aircraft  than  the  initial  procurement  costs.  In 
addition,  the  wartime  sortie  rate  (and  hence  effectiveness)  decreases  as  the  repair 
workload  increases,  defect  rate  again  dominating. 
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In  view  of  its  profound  importance,  such  limited  data  as  is  available  has  been 
collected  and  scrutinised  for  some  measures  of  a  complexity  index  which  might  explain 
or  determine  trends  in  reliability  and  maintainability  (R  A  M). 

"'he  main  parameters  which  have  emerged  from  this  preliminary  study  are  noted  below: 


Defect  Rate  a  f 


Maintenance  Index 


MACH  NO. 

AVIONICS  COST 
ENGINE  THRUST 
ENGINE  TBO 
OF  PRIMARY  CONTROLS 
IN-SERVICE  DATE 
(TECHNOLOGY) 


Airframe 
Equipment 
Avionics 
Engine  t 

Accessories 


t  [Defect  Rate) 


Spares  Cost  per  Flying  Hour  =*  K  x  System.  Defect  Rate  x  System  Cost 

TF  System  Components 


Clearly  the  random  nature  of  the  problems  which  arise  in  this  area  make  it 
impossible  to  be  precise  at  a  detailed  level.  However,  It  has  been  possible  to  get  a 
reasonable  correlation  with  available  data  by  using  the  oroad  system  breakdown  indicated. 
The  appearance  of  parameters  similar  to  those  used  in  most  statistical  cost  formulae  is 
not  surprising,  as  these  are  primarily  Indicators  of  "complexity"  in  the  sense  of 
numbers  of  parts,  weight  sensitivity  etc.,  which  also  have  adverse  effects  on 
reliability.  Sheer  size  and  weight,  however,  which  are  primary  cost  parameters,  do  not 
appear.  The  "uvionics"  label  is  attached  to  all  instruments  and  systems  which  contain 
electronic  or  "delicate"  electro-mechanical  elements  (but  not  main  electrical  power 
supplies).  The  inclusion  of  engine  thrust  is  questionable:  however,  its  influence  is 
ssutll,  and  qualitatively  justified  by  the  trend  (with  exceptions)  of  more  stages,  more 
complex  cooling  etc.,  with  increasing  size.  Extra  control  systems  (e.g.  for  a  VTO 
aircraft)  are  allowed  for  on  an  estimated  major  parts  count  basis.  Thw  tec'  »ology  factor 
represented  by  in-service  date  appeared  to  make  a  fairly  small  contribution  over  the 
period  1950  to  19$7»  but  the  extrapolation  of  this  factor  requires  evidence  of  more 
recent  trends,  discussed  below. 

As  a  first  approximation,  it  has  been  possible  to  define  maintenance  index  (that  is, 
maintenance  man-hours  per  flying  hour) ,  as  a  function  simply  ot  defect  rate  for  the  range 
of  aircraft  for  which  data  was  available.  This  relationship  implies  that  broadly  the 
same  characteristics  of  complexity  which  influence  reliability  will  also  tend  to  im;;>ly 
greater  congestion  and  difficulty  of  access  for  repair.  This  is  obvi  -usly  not  entirely 
a  functional  relationship,  and  must  be  used  with  caution  for  extrapolation. 

ThCr  relationship  noted  for  spares  and  repairs  costs  is  largely  intuitive,  and  some 
constants  have  been  chosen  to  fit  with  the  rather  in tdequate  available  data.  Some 
refinements  are  planned  in  this  area. 
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For  the  present,  the  Justification  for  using  those  simple  relationships  is  that 
they  appear  to  work  for  a  reasonable  range  of  aircraft.  Pig.  12  shows  the  empyrical 
"complexity  index"  usvd  as  a  predictive  pa.  -~eter  for  Maintenance  Index. 


Nine  of  the  points  on  this  diajp-am  are 
taken  from  either  recor  led  data  or  brochure 
estimates  by  manufacturers  on  aircraft 
which  entered  service  between  1950  and 
1967«  They  cover  the  range  from  basic 
trainers  to  advanced  multi-role  fighter/ 
attack  aircraft,  with  correspondingly  wide 
variations  in  performance  and  avionic 
equipment.  Several  of  these  points 
lepresent  data  which  was  acquired  after 
construction  of  the  complexity  factor 
formula,  adding  unexpected  confidence. 
Adjustments  have  been  made  -'here  necessary 
to  all  data  points  to  unify  definitions, 
to  include  all  first  and  second  line 
manpower,  including  armourers. 


fiB.  12  MAINTENANCE  INDEX  PREDICTION 


Tko  points  are  identified  as  forecasts 
for  aircraft  entering  service  in  1972.  The 
fighter  lying  near  the  mean  line  is  a 

development  stretch  of  an  existing  earlier  generation  aircraft,  and  it  is  clear  that 
this  has  inhibited  any  major  change  in  the  R  &  M  characteristics.  The  attack  aircraft 
point  lying  well  below  the  average  line  is  in  fact  the  current  prediction  for 
Jaguar  'S'  (the  target  is  slightly  lower  at  lOj  man-hours  per  flying  hour).  In  view  of 
the  good  correlation  cf  all  the  other  data  points,  one  would  tend  to  regard  this  point 
with  some  degree  of  scepticism.  Whilst  it  cannot  be  claimed  that  this  prediction  is 
confirmed  at  this  early  stage  in  the  life  of  the  aircraft  (it  depends  on  several 
thousand  hours  of  learning  experience  in  operational  squadrons),  some  very  powerful 
evidence  is  already  accumulating  that  the  trend  will  ultimately  meet  or  improve  on 
this  target. 


The  achieved  defect  rates  per  flying 
hour  of  Jaguar  and  Lightning  are  compared  in 
Fig.  13,  and  show  that  prototypes  of  the 
Jaguar  'S'  version  at  under  1000  hours  U.K. 
flying  experience  have  already  passed  the 
Lightning  service  achievement  at  over 
100,000  flying  hours.  The  corresponding 
predictions  from  the  statistical  analysis 
would  have  led  to  the  levels  on  the  right- 
hand  side:  that  is,  closely  similar  defect 
rates  at  the  end  of  the  learning  curve. 

There  would  have  to  be  a  very  unexpected 
kink  in  the  Jaguar  learning  curve  if  it 
were  to  finish  above  the  prediction  and 
target  levels,  so  that  confidence  is 
rapidly  increasing  that  this  aircraft  will 
demonstrate  more  than  double  the 
reliability  of  previous  aircraft  of 
similar  complexity. 


Fig.  13  TRENDS  OF  RELIABILITY  IMPROVEMENT 
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The  fact  that  Jaguar  prototype  flying  rates  have  been  roughly  double  those  achieved 
in  Lightning  appearr  to  reinforce  this  confidence. 


It  should  be  noted  that  prototype  flying  of  the  French  'A1  and  'E*  versions  (which 
hake  much  leas  avionic  content  than  the  'S')  confirm  their  lower  defect  totes;  this  data 
ia  not  illustrated  owing  to  differences  in  defect  recording  rules.  The  OK  data  includes 
all  unscheduled  actions,  whether  defects  were  confirmed  or  net. 

It  would  be  useful  to  be  able  to  indicate  exactly  how  much  it  has  cost  to  achieve 
this  Improvement  in  R  &  M  technology.  Unfortunately,  it  is  extremely  difficult  to 
segregate  those  parts  of  costs  of  equipment  development,  design  for  access,  and  so  on 
which  contribute  to  this  achievement;  the  same  applies  to  weight  and  performance 
penalties.  A  significant  part  of  the  gain  is  attributable  to  equipment  selection  with 
reliability  as  a  major  factor  in  the  choice.  Where  unproven  equipment  was  unavoidable, 
suppliers'  records  in  reliability  ware  considered,  and  where  possible  complete  systems 
were  obtained  from  one  supplier.  Penalties  were  probably  in  weight  more  than  cost. 

WL* act  costs  of  identifyabie  work  on  U  M  amounted  to  about  7%  of  the  airframe  design 
and  prototype  build  costs.  (Ground  and  flight  test  work  relating  to  R  It  M  was  not 
specifically  recorded  as  such,  and  therefore  cannot  ba  ascertained).  In  future  projects 
where  existing  equipment  of  proved  reliability  is  not  available,  the  cost  penalty  may 
become  greater,  and  with  it  the  need  for  more  rigorous  justification  of  expenditure. 
Feasibly  one  of  the  urgent  requirements  for  research  investment  is  to  undertake  some 
pilot  experiments  to  measure  the  cost  of  improved  reliability. 
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Fig.t4  RELIABILITY  AND  MAINTAINABILITY  IMPROVEMENT 
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If  the  improvements  in  reliability 
and  maintenance  index  predicted  for  Jaguar 
are  assumed  to  be  achieved  on  the  F'S'  in 
its  1970's  versionf  implications  for  future 
operating  costs  are  illustrated  in  fig.l4. 

The  significant  savings  are, of  course, 
in  the  manpower  and  spares  costs.  The 
direct  manpower  (which  includes  maintenance 
men  and  flying  crew)  occupies  15#  of  t*»e 
manpower  plus  services  budget  at  present 
levels  of  Air  Force  "overheads".  The 
savings  in  spares,  repairs  and  manpower 
reflect  also  in  the  pilot  training  costs, 
since  the  major  element  of  these  costs  is 
the  flying  cost  of  aircraft  used  for 
operational  conversion  training.  An  overall 
savin?  of  about  30#  on  the  total  operating 
and  training  costs  is  indicated.  A  small 

and  entirely  notional  allowance  is  shown  at  the  bottom  of  the  loft  hand  column  as  the 
cost  of  improvement  in  reliability  and  maintainability.  As  illustrated,  it  represents 
over  30#  addition  to  the  total  research  and  development  costs  of  engines  and  airframes. 
This  would  seem  to  be  generous  by  any  standards  au  an  allowance  for  a  task  which  has 
probably  already  been  achieved  on  Jaguar.  Nevertheless,  this  expenditure  is  trivial 
when  compared  with  the  savings. 


Training.  Costs 

Although  included  in  the  assessment  of  operating  cost  improvements,  there  are  other 
aspects  of  pilot  training  having  significant  cost  implications.  The  costs  of  pilot 
training  occupy  a  share  of  the  budget  approximately  equal  to  the  total  fly-away 
procurement  costs  of  the  aircraft  fleet. 

This  pilot  training  cost  is  dominated  by  tw< 
parameters:  the  replacement  rate  of  pilots 
moving  out  to  other  jobs,  and  the 
operating  cost  per  flying  hour  of  the 
training  aircraft  (fig.  15).  It  is  assumed 
here  that  the  number  of  hours  of  flying 
training  required  is  fixed  by  the  task  and 
aircraft  complexity,  in  this  case  at 
80  hours  per  pilot.  This  O.C.U.  element  of 
the  training  process  accounts  for  about  85# 
of  total  training  costs.  The  basic  and 
advanced  training  is  included  for  good 
measure  but  not  discussed  in  detail  here. 


The  total  "production  task"  of  the 
training  process  is  essentially  registered 
by  the  number  of  operational  conversion 
hours  per  annum  required.  The  ratio  of  this 
to  annual  flying  rate  per  aircraft 
determines  the  number  of  O.C.U.  aircraft  required  and  hence  their  acquisition  cost.  The 
total  flying  feonrs  are  charged  at  the  appropriate  operating  cost  per  flying  hour,  as 
derived  previously  for  the  operational  aircraft,  leading  to  the  total  operating  cost  of 
the  O.C.U. 


Fig.  15  TRAINING  COST 


Assuming  that  the  improvements  in  R  &  M  shown  in  fig. 
possible  to  visualise  increasing  the  flying  rate  per  O.C.U. 
the  300  hours  per  annum  which  are  typical  today,  say  to  4p0 
number  of  O.C.U.  aircraft  required  in  the  inverse  ratio. 


Sven  greater  economies  could  be 
visualised  if  the  Air  Force  were  prepared 
to  decrease  the  rate  at  which  pilots  are 
posted.  There  is  already  some  evidence  of  a 
trend  in  this  direction,  end  the  introduction 
of  more  multi-role  aircraft  will  also 
decrease  the  training  required  on  second 
tours  of  duty.  For  the  sake  of  illustration, 
training  costs  for  a  posting  rate  of  10#  per 
year  have  been  evaluatsd  against  the  30# 
used  in  this  initial  study.  Tho  effects  of 
these  changes  are  illustrated  in  fig.  l6» 

The  original  training  coot  is  shown  as 
beizig  reduced  firstly  by  reliability  and 
maintainability,  secondly  by  increased 
flying  rate  on  to  the  lower  line,  and 
thirdly  by  the  reduction  in  pilot  posting 
rate.  The  latter  two  features  yield  savings 
of  about  40#  in  training  costs. 


14  are  achieved,  it  would  seem 
aircraft'  substantially  above 
.  This  would  reduce  the 


Fig. 16  EFFECTS  OF  AIRFORCE  TRAINING  POLICY 
TRAm.ec 
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Peacetime  Flying  Rate. 


Fla-1?  EFFECTS  OF  PEACETIME  OPERATING  POLICY 
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Another  question  concerning  Air  Pore  1  operating  policy  relates  to  the  flying  rate 
demanded  of  operational  squadrons  in  peace  time.  Sob*  of  these  wil?  have  specific 
defence  roles  to  accomplish  which  dictate  flyir.g  requirements.  However,  for  flying 
which  is  essentially  done  to  "keep  the  pilot’s  hand  in"  .-'i  his  operational  t at.lt,  one 
could  postulate  that  in  exchange  icr  longer  tours  of  service  in  one  aircraft  type, pilots 
might  be  expected  to  remain  adequately  qualified  at  a  lower  flying  rate,  say  at  lG  hours 
per  month  per  pilot  in  place  of  the  current  20.  In  terms  of  aircraft  flying  hours,  this 
means  a  reduction  from  300  hours  a  year  to  about  250o  Savings  in  manpower,  spares  and 
fuel  are  achieved,  whilst  wartime  achievabl* 
sortie  rates  should  be  maintaino-i  well 
above  the  capabilities  of  current  aircraft 
(despite  a  reduction  in  maintenance 
manpower)  by  virtue  of  the  expected  improved 
R  &  M  characteristics.  In  addition,  the 
reduction  in  operating  costs  achieved  could 
be  devoted  to  a  lu-ger  fleet  procurement. 

Fig.  17  shows  the  total  cost  variation  with 
flying  rate  over  a  wider  spectrum,  assuming 
the  1970’s  standard  of  costing  foi-  the  F’X» 
aircraft. 

Conclusions 


Fig.  13  collects  together  all  the  areas 
which  hava  been  suggested  for  economy* 
collaboration,  R  &  M,  leading  to  the 
feasibility  of  Air  Force  operational 
changes.  Sente  of  these  gains  should 
become  visible,  rather  than  theoretical,  as  Air  Force  experience  in  operating  Jaguar 
builds  up.  It  would  of  course  be  unreasonable  to  expect  such  gains  to  be  possible  over 
the  whole  spectrum  of  the  Air  Force  inventory  (transports,  basic  trainers,  guided 
weapons  etc.).  However,  over  the  expensive  section  of  con&at  aircraft,  the  kind  of 
savings  illustrated  should  be  entirely  realistic. 


On  many  of  these  issueo,particularly  on 
questions  of  Air  Force  operating  philosophy, 
industry  can  only  make  the  suggestions  not 
the  decisions.  It  is  suggested  that  industry 
could  make  a  valuable  contribution  to  a  more 
comprehensive  evaluation  process,  both  in 
the  context  of  integrated  engineering 
studios  and  with  its  substantial  techniques 
for  coat  and  effectiveness  onalyjid. 

If  all  the  cost  savings  illustrated  in 
fig.  18  were  realised  across  the  whole 
combat  aircraft  sector,  and  devoted  to 
increasing  the  fleet  strength,  the  combat 
aircraft  inventory  cculd  be  increased  by 
at  least  50%  in  effective  strength,  either 
by  growth  in  numbers  at  current  standards 
or  by  increase  in  effectiveness  reflecting 
Cechnolcgy  growth.  Such  technology 
changes  would  be  incorporated  only  where  th«y  provide  greater  fleet  effectiveness  than 
could  bo  ach:1 -ved  at  the  same  cost  by  largo*-  numbers  of  aircraft. 

Alternatively,  if  justified  ly  technology  changes,  and/ar  by  changes  in  eivemy 
dafence  posture,  the  fleet  replacement  interval  could  be  significantly  reduced  within  the 
same  budget  constraints.  Clearly,  it  is  unlikely  that  replacement  intervals  would  be  cut 
below,  ray,  IO  years,  but  some  compromise  between  shorter  replacesient  times  and 
increasing  numbers  could  well  be  consider  d  as  the  best  way  cf  using  lends  freed  by 
lower  operating  costs. 

Since  most  of  tha  savings  indicated  can  only  be  achieved  in  the  next  generation  of 
aircraft,  little  benefit  can  be  expected  in  the  budget  allocations  of  the  next  few  years. 
The  achievement  of  benefits  even  10-15  years  hence  depends  on  recognition  and  evaluation 
of  the  trade-offs  for  projects  now  in  the  pipeline. 
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1.  SUMMARY 

Vhs  major  design  cor.sj.der  at  ions  of  the  F-15  air  superiority  aircraft  are  traced  from  the  initial 
requirements,  through  the  design,  and  into  the  flight  testing.  Selection  ok  the  overall  configuration  is 
discussed  vith  particular  emphasis  on  the  wing,  inlet,  and  secondary  power  design.  The  ground  and  flight 
test  program.-!  are  briefly  reviewed. 

2.  LIST  OF  SYMBOLS 


A  Aspect  ratio  of  span  to  mean  aerodynamic  chord 

4MAD  Airframe  Mounted  Accessory  Drives 

APU  Auxiliary  Power  Unit 

b  Span 

B?R  Engine  by-pass  ratio  of  ftn  air  flow  to  compressor  air  flow 

C  Airfoil  chord 

Cj>  Coefficient  of  drag 

£  Centerline 

Cj_  Coefficient  of  lift 

fps~  Feet  por  second  squared 

i'a  Load  factor — the  normal  acceleration  expressed  as  number  oi  gravities  (52.  .  >-i  fps^) 

experienced  in  maneuver 

JP3  Jet  Fuel  Starter 

i  Distance 

L/D  Ratio  of  lift  to  crag 

M  Mach  numV  - 

psf  Pressure,  pounds  per  square 

t/c  Thickness  to  chord  ratio 

T/W  or  Ratio  of  engine  thrust  to  airplane  weight  at.  for  example,  takeoff 
7/trOGW 

TR  Taper  ratio  of  tip  herd  to  root  c.iurd 

W/S  Wing  loading,  ratio  ol  airplane  weight  a:.C  wing  area 

A  Leading  edge  sweep 

«  Twist 

3.  PREFACE 

From  an  arbitrary  genesis  in  toid-1966,  tracing  the  evolution  of  the  F-15  airplane  design  continues 
to  current  flight  test  research  and  -levelopnent.  By  1916.  Air  Force  planners  had  suanarfied  tactical  funda¬ 
mentals  from  the  Rorean  War  and  early  Vietnam  conflicts:  (1>  That,  regardless  of  ths  initial  speed  and 
a’titude  of  engagement,  the  si-  battles  gravitate  to  lov  speeds  and  low  altitudes  as  the  adversaries  strive 
for  maneuvering  advantage.  (2)  That  the  firing  ranges  of  air-to-air  missiles  and  guns  have  changed  attack 
and  disengagement  tactics.  (3)  That  superior  pilot  skill  and  cactlcs  cannot  completely  compensate  for  an 


12-2 


inferior  aircraft.  In  effect,  these  operational  experiences  stressed  that  air franc  and. engine  design  cri¬ 
teria  should  emphasise  maneuverability  rate-of-change  characteristics  as  parameters  equal  in  importance  to 
those  maximizing  altitude,  speed  anc  range.  This  paper  describes  the  rationale  and  trades  perforaec  by  the 
designers  to  define  the  proper  balance  between  dynamic  maneuverability  end  classic  steady  state  performance. 

The  corollary  to  emphasis  on  maneuverability  is  emphasis  on  stringent  weight  control.  History, 
in  effect,  had  to  be  reversed  from  a  aomevhef  passive  exercise  in  weight  monitoring  to  intensive  configura¬ 
tion  control.  In  World  War  II,  the  Air  Force  fighter  wing  loading  (.'eight  to  wing  area  ratio,  W/S)  ranged 
in  the  30-55  pounds  per  square  foot  (psf)  band.  The  W/S  band  was  overlapped  in  the  Korean  War  froa  50-90 
psf.  Through  1965,  the  W/S  range  expanded  from  80-150  psf  as  the  fighter  mission  complexity  included 
weapons  delivery  on  ground  attack  missions  and  area  intercept  mission  capability  by  multi-purpose  variable 
sweep  fighters. 

From  the  days  of  F-X  conceptual  design  analyses  through  F-15  production  decision,  all  subsystems 
comprising  the  F-15  have  matured  in  an  environment  of  weight  control  more  stringent  than  any  other  Air  Force 
weapon  system. 

4.  DISCUSSION 

The  performance  specification  for  the  F-X  (early  F-15  designation)  still  quoted  the  classic  cri¬ 
teria  of  maximum  speeds,  a  primary  mission  profile  combining  cruise  radius  with  added  dash  distance  and 
nonstandard  day  takeoff  and  landing  capability.  However,  the  design  criteria  stressed  as  equal  in  impor¬ 
tance  to  1-g  performance,  a  capability  to  maneuver  at  high  load  factors  (g'‘s)  and  at  subsonic,  transonic 
and  supersonic  speeds  at  low,  middle  and  high  altitudes  —  literally  design  criteria  within  the  predictable 
air  combat  arena.  In  addition,  transonic  buffet  free  maneuverability  at  medium  load  factor  was  identified 
to  assure  the  pilot's  capability  ti  function  while  maneuvering. 

McDonnell  Aircraft  Company,  the  St.  Louis,  Missouri  Division  of  McDonnell  Douglas  Corporation, 
proposed  in  June  1969  to  build  the  ai  rplane  today  configured  as  shewn  in  Figure  1. 


Figure  1. 
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Th?,  proposal  configuration  was  tha  consequence  of  analyzing  by  computer  aided  design  and  evaluating  by 
parametric  techniques  over  480  designs  and  7500  iterations.  McDonnell  Aircraft  Company  applied  these 
analyses  to  nearly  70  "hard  point"  design  studies  which  included  actual  configuration  layouts,  weights 
esti-at-s,  systems  installations,  wetted  and  cross  section  areas  and  performance.  Of  these  analyses  to 
mid~*968,  five  specific  designs  were  studied  to  verify  such  selections  as  a  single  crewman,  fixed  rather 
than  a  variable  sweep  wing  and  two  fuselage  mounted  turbofan  engines  rather  than  single  engine  or  twin 
podded  turbojet  engines.  The  genealogy  of  these  specific  F-X  designs  leading  to  the  proposed  F-15  con¬ 
figuration  appears  in  Figure  2. 

4.1  Crew.  The  crew  station  as  shown  in  Figure  3  is  located  for  maximum  air-to-air  combat  visibility; 
however,  the  concept  of  an  air  superiority  design  mission  did  not  inherently  specify  the  crew  size.  The 
analysis  of  this  Important  design  parameter  investigated  both  subjective  pilot  surveys  and  a  human  engi¬ 
neering  task  study  of  the  air-to-air  combat  missioi.  from  briefing  to  debriefing,  including  the  crucial 
dogfight  segment  of  the  mission. 

Pilot  opinion  and  experience  complemented  .the  task  analysis  in  determining  the  practicality  of  a 
single  crewman.  Summarized,  the  pilot's  proficiency  is  dependent  .tpon: 

An  integrated  weapons  and  fire  control  system 

Kead-up  displays 

Good  visibility  cutnlde  the  cockpit 
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Figure  2. 
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F15  INTERIOR  ARRANGEMENT 


Figure  3. 


Is  Figure  4  the  diagram  of  the  throttles  and  flight  control  stick  indicates  the  consolidation  of 
control  functions  for  the  air-to-air  attack  modes.  Thus,  the  pilot  can  control  not  only  his  engines  and 
airplane  maneuvering  but,  also,  combat  related  subsystems  without  removing  his  hando  fron  primary  controls. 
The  crew  station  "green  house"  canopy  was  designed  to  optimize  the  pilot's  visibility  as  can  be  judged  in 
Figure  1. 


CONSOLIDATION  OF  COMBAT  SUBSYSTEMS 
FOR  PILOT  CONTROL 

ll«  JwlKs 


Figure  4. 
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"Bard  point"  configuration  design  layouts  and  aiasi.cn  analyses  confirmed  the  capability  to  Beet 

the  human  engineering  requirements.  To  perform  the  sane  combat  mission  radius  with  approximately  the  s-^e 

maneuver  capability,  the  two-man  aircraft  would  increase  in  site  approximately  IS  percent  end  in  takeofi 
weight  by  nearly  5500  pounds  over  the  single  man  aircraft. 

4.2  Wing  Selection.  The  concept  of  a  fighter  combining  supersonic  speeds  and  subsonic  range  with  transonic 
maneuver  ability  ’jnder  high  load  factors  (g's)  afforded  the  designer  the  rare  opportunity  to  reinvestigate 
wing  technology.  To  derive  the  F-X  wing  required  the  determination  of  pltnfora  features  -  area,  span,  taper 
and  sweep  -  and  airfoil  section  -  twist,  camber  and  thickness  -  es  well  as  the  location  of  the  wing  on  the 

fuselage  -  high,  mid-wing  or  low.  This  new  look  at  wing  design  evolved  from  an  era  emphasizing  1-g  flight 

st  lift  coefficients  (CjJ  less  than  required  for  maximum  lift/drag  ratio,  low  aspect  ratios,  high  sweep, 
low  thickness  ratios  and  high  wing  loading.  The  past  era  of  fighters  performed  inefficiently  at  high  Cj  a. 
For  the  F-X,  however,  at  middle  altitudes  the  high  transonic  load  factor  maneuverability  became  the  critical 
design  point.  The  Ct.  at  this  condition,  as  shown  on  Figure  5,  is  considerably  higher  than  the  Cj,  for  maximum 
lift/drag  (L/D) .  The  drag  polar  at  this  point  is  no  longer  parabolic  so  that  the  fundamental  chara.  er¬ 
istics  of  the  flow  had  to  be  investigated. 


F-X  DESIGN  POLAR 


Ml  HIGH  LOAD 
FACIOl  MANlUVEtS 


Figure  5. 


1  MAXIMUM  I/O 


DtAC  COEFFICIENT 


Wind  tunnel  testing  complemented  theoretical  work  centering  around  Multhopp's  Extended  lifting 
Surface  Theory  and  the  Woodward  Linear  Theory  extended  to  subsonic  speeds  and  around  Whitcomb  supercritical 
wing  theory  as  applied  to  hi&>  aspect  ratio  (span/chord)  variable  sweep  wings.  Extensive  wind  tunnel  test¬ 
ing  afforded  data  for  a  trade  study  to  compare  wing  parameters  at  the  transonic  high  lift  load  factor  and 
supersoulc  lift  conditions  with  the  other  performance  lift  conditions.  The  lift  coefficients  at  which 
drag  "breaks"  from  the. parabolic  and  the  degree  of  drag  increases,  were  found  to  be  functions  of  thickness 
ratio,  sweep  and  camber. 

The  drag-lift  advantages  of  high  camber  wing  section  at  subsonic  speeds  were  compared  with  penal¬ 
ties  at  supersonic  speeds.  Tbe  conse- .ir-xt  investigation  of  13  planforms  compared  leading  edge  flaps  and 
cacbered  wings  effects  due  to  wing  tap  r,  aspect  ratios  and  leading  and  trailing  edge  sweep.  Representa¬ 
tive  plaaforms  and  characteristics  evaluated  ate  shown  on  Figure  6. 


PLANFORMS  AND  FLAPS  TESTED 
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Moat  have  conical  leading  edge  flaps,  Che  hingeline  being  formed  by  a  line  through  the  wing  apex  and  at  a 
constant  80  percent  of  local  seal-span.  Transonic  high-lift  drag  was  improved  dramatically  but  high  lift 
devices  added  both  weight  and  complexity  to  a  weight  sensitive  fighter.  Increasing  wing  camber  shifts  the 
center  of  pressure  aft,  causing  a  shift  in  pitching  moment.  Consequently,  trim  drag  Increases.  However, 
a  combination  of  twist  (€)  and  caster  concentrated  outboard  produced  little  change  in  pitching  women t. 
These  trades  of  twist  and  camber  effects  are  shown  on  Figure  7  with  the  selected  wing  planform. 


WING  DESIGN  PARAMETERS 


The  basic  choice  between  variable  sweep  and  fixed  wing  geometry  was  determined  after  the  "hard 
point"  design  configuration  analyses.  To  fly  the  same  air  superiority  mission  radius,  the  fixed  wing 
configuration  was  4700  pounds  lighter,  most  of  this  in  structure.  The  fixed  wing  fighter  permitted  about 
an  eight  percent  lass  engine  thrust  at  sea  level.  At  the  critical  transonic  high  load  factor  condition, 
the  fixed  wing  fighter  could  maneuver  better,  primarily  because  the  variable  sweep  aircraft  was  structurally 
heavier.  0a  the  other  hancv  the  higher  aspect  ratio  and  greater  basic  fuel  load  of  the  variable  sweep 
fighter  increased  its  ferry  range  ■■ approximately  rive  percent  over  the  smaller  fighter.  The  criterion  for 
a  basic  air  superiority  mission  fi'-ored  the  selection  of  the  fixed  wing  fighter,  primarily  because  of  its 
generally  better  maneuver  capability  at  combat  weight. 

Early  in  the  f-X  design  studies,  the  contractor's  designers  ravored  locating  the  wing  high  on  the 
fuselage.  The  continuity  of  ving/fuselage  upper  surface  improved  aerodynamic  lift  relative  to  a  design 
where  the  fuselage  interrupted  wing  lilt.  This  high  wing  location  also  contributed  to  structural  effi¬ 
ciency  by  simplifying  structurally  redundant  load  paths  at  the  wing  and  fuselage  junction  by  direct  trans¬ 
fer  of  wing  loads  to  the  carry-through  structure.  The  resulting  wing  box  over  the  engine  ducts  was 
lighter  weight  than  a  raid- or  low-wing  design  and  also  reduced  fuselage  structure  complexity.  The  high  wing 
arrangement  facilitated  carrying  external  stores,  particularly  the  tangential  installation  of  air-to-air 
missiles  on  the  .corners  of  the  fuselage.  These  conslderstlons  were  judged  to  outweigh  the  design  advan¬ 
tages  of  a  1cm  wing  which  permitted  locating  a  simple,  shorter,  wide  tread  landing  gear  and  taking  advan¬ 
tage  of  aerodynamic  ground  effect  during  takeoff  and  landing. 

4.3  Empennage  Design 

4.3.1  Horizontal  Tail.  Fundamentally ,  the  precise  flying  qualities  of  the  maneuvering  fighter  depend 
upon  the  tail  surfaces  to  modify  the  wing's  contributions  to  these  qualities.  The  high  wing  plane  had 
early  been  established  so  thac  positioning  the  horizontal  tail  relatively  low  became  desirable  to  improve 
longitudinal  stability  at  high  angles  of  attack.  Furthermore,  a  trade  study  confirmed  that  the  optimum 
tail  size  for  minimum  drag  is  often  larger  than  the  tail  size  for  minimum  weight  because  of  the  higher  in¬ 
duced  drag  created  by  smaller  horizontals.  A  wind  tunnel  investigation  of  numerous  horizontal  tail  sizes 
and  locations  was  performed  Co  establish  a  basis  for  aerodynamic  effectiveness.  This  information  was  then 
coordinated  with  the  basic  weight  and  balance  variations  that  occur  with  variations  in  horizontal  tail  size 
and  location  (see  Figure  8).  A  low  tail  also  provided  higher  load  factor  trim  characteristics  and  aided  in 
reducing  neutral  point  shifts  with  Mach  number.  The  design  studies  included  consideration  of  exhaust  gas 
Impingement  and  effects  of  engine  vibration  or  the  tail  structure.  Further  studies  on  horizontal  tail 
configurations  were  conducted  to  improve  efficiency  by  establishing  the  leading  edge  sweep  for  an  optimum 
balance  of  structural  end  aerodynamic  effectiveness.  This  positioned  the  spindle  minimum  hinge  moments 

at  a  chordwise  location  near  maximum  section  depth. 

4.3.2  Vertical  Tails.  The  selection  between  a  single,  larger  vertical  tail  and  smaller,  twin  vertical  tails 
was  resolved  initially  in  favor  of  twin  verticals  plus  ventrals.  In  a  later  drag  reduction  program,  the 
ventrals  were  deleted  but  the  verticals  were  increased  in  area  to  maintain  satisfactory  levels  of  direc¬ 
tional  stability  at  critical  design  points.  Other  factors  were  decisive  rather  than  the  aerodynamic  con¬ 
siderations  regarding  selection  of  a  single  vertical  or  twin  verticals  of  the  same  effective  area.  Aero- 
dynasicelly,  the  end  plating  by  the  twin  vertical  tails  provided  for  more  effective  horizontal  tail  control 
capability.  The  twin  verticals  provided  a  sore  linear  variation  of  yawing  moment  with  sideslip.  Also, 
twin  verticals  provided  high  directional  stability  for  improved  dutch  roll  dynamic  stability  characteristic* 
and  provided  rudder  control  redundancy  for  cornier  survivability.  Located  on  engine  booms,  the  verticals 
increased  IR  shielding  of  engine  exhaust  in  side  profile  for  better  survivsbility. 
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Figure  8. 
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Only  two  boom  structures  were  required  instead  cf  a  third  "spiue  boon"  for  a  single  vertical  tail.  The 
shorter  span  of  twin  vertical  tails  reduced  torque  on  the  fuselage.  The  greater  distance  of  the  twin 
vertical  tails  fron  the  engine  center  line,  provided  a  lower  noise  and  temperature  environment  and  per¬ 
mitted  lighter  weight  structure  than  did  a  single  vertical  and  its  supporting  structure. 

The  vertical  tail  siring  was  influenced,  first,  aarodynamicslly  by  the  fuselage  and,  second,  by 
positioning  twin  tails,  one  surface  each  on  the  "tail  booms"  that  straddle  the  engines  (Figure  1).  The 
dominant  design  criteria  to  provide  adequate  directional  stability  occurred  at  high  angle  of  attack  and 
transonic  and  supersonic  speeds. 

4.4  Power  Plant.  Combined  with  the  airframe  design  trade  offs,  concurrent  engine  cycle  analyses,  engine/ 
Inlet  compatibility  studies  and  engine  norrle  trade  offs  created  a  matrix  of  configurations  from  which  to 
select  a  single  airplane  design  to  achieve  F-X  maneuverability  and  performance  objectives.  The  propulsion 
studies  included  analyses  cf  podded  and  fuselage  engine  installation  and  of  dual  powerplants  compared  with 
large  single  engine  installations  in  hard  point  airplane  designs. 

4.4.1  Engine  Cycle  Analysis.  The  initial  engine  studies  Iterated  the  thrust  requirements  to  meet  maneuver¬ 
ability  and  mission  objectives  of  the  F-X  and  thereby  sire  the  engine.  The  principal  objective  of  this 
analysis  was  to  determine  the  by-pass  ratio  (BPS)  and  thereby  size  the  engine  for  the  F-X  air  superiority 
fighter.  For  an  engine  sizing  criterion,  ranging  from  zero  (pure  turbojet  engine)  to  2.2  (large  turbofrn) , 
the  designers  created  a  thrust  parametric  derived  from  complex  BPR  variation  with  engine  airflow  and  pres¬ 
sure  ratio.  The  ratio  of  sea  level  static  thrust  to  take  off  gross  weight  (T/TOGW  *>  thrust  loading)  was 
then  calculated  as  a  sizing  parameter  to  compare  maneuverability  at  the  required  altitude,  velocity  and 

load  factor.  For  this  study,  overall  engine  pressure  ratio  was  varied  from  12  to  29.  Ac  intermediate  thrust 
(military  power)  the  T/10GV  increased  with  increasing  BPR  at  the  design  condition.  At  maximum  thrust 
(afterburner  power)  the  design  T/TOGW  decreased  with  increasing  BPR  at  supersonic  speeds;  in  the  cruise 
subsonic  region,  however,  practically  no  variation  of  T/TOGW  occurred  with  BPR.  All  other  parameters  being 
equal,  T/TOGW  increased  with  increasing  load  factor.  Again,  th»  design  critical  condition  was  the  transonic 
high  lift  load  factor  requirement.  At  this  point,  the  parametric  engine  studies  indicated  a  best  F-X  minimum 
size  engine  BPR  to  b*>  within  the  range  from  0.5  to  1.0.  Even  so,  the  trend',  suggested  the  pure  turbojet 
appeared  competitive,  conseu  all  parameters. 

The  subsequent  hardpoint  engine-airframe  optimized  for  best  combination  of  TOGW  and  maneuver  capa¬ 
bility  Indicated  the  aircraft  TOGW  for  the  turbojet  (BPR«0)  configuration  was  nearly  10,000  pounds  heavier 
than  the  optimized  turbofan  configuration.  The  hardpoint  engine-airframe  design  optimized  for  a  turbofan 
at  mid-BPR  range  cit»d  above. 

4.4.2  Engine  Installation.  To  demonstrate  relatively  the  same  maneuverability  end  performance,  the  fixed 
wing  airframe  with  pod-mounted  engines  weighed  2700  pounds  more  than  the  fuselage-mounted  engine  configur¬ 
ation.  Also,  the  sea  level  static  thrust  of  the  pod-mounted  engines  was  sized  to  be  nearly  10  percent 
greater.  Single  engine  out  effects  on  directional  control  were  greater  considering  podded  engine  configur¬ 
ations.  After  this  hardpoint  design  optimization  study  in  1968,  twin  turbofan  engines  with  a  BPR  sc-  what 
less  than  unity  and  buried  side-by-side  in  the  aft  fuselage,  became  the  selected  conceptual  propulsion  unit. 

The  hardpoint  design  study  of  single  high  thrust  engine/ airframe  configuration  revealed  that  two 
lower  thrust  engines  buried  in  the  airframe  design  were  more  practical  for  other  than  reasons  survivability. 
The  single  engine  fighter  was  optimized  to  accommodate  an  engine  nearly  95  percent  larger  than  one  engine 
in  the  optimized  twin-engiue  fighter.  The  twin-engine  TOGW  and  fuel  load  were  more  than  the  single  engine 
fighter  design  by  approximately  two  percent,  yet  both  aircraft  had  the  same  range  capability.  However, 
the  twin  engine  fighter  could  maneuver  somewhat  better.  The  hardpoint  design  studios  also  indicated  that 
the  critical  excess  thrust  to  weight  paroseter  (total  thrust  less  airplane  drag  to  weight  ratio)  of  the 
single  engine  fighter  optimized  at  a  lover  maneuver  capability  relative  to  the  twin  engine  design. 
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Figure  9  presents  the  Pratt  &  Whitney  Aircraft  F1G0-PW-100  engine  and  characteristics. 
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Figure  9. 
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4.5  Inlet/Engine  Compatibility.  To  achieve  inlet/engine  compatibility,  the  airflow  must  be  supplied  to  the 
engine  compressor  face  with  sufficiently  low  distortion  to  preclude  engine  stalls  everywhere  within  the 
airplane  operational  envelope.  Inlet  trade  off  studies  were  conducted  for  both  fuselage  mounted  ard  podded 
engine  configurations.  These  studies  were  concurrent  and  integrated  with  the  engine  studies  already 
mentioned.  Sid1" -by-side  engine  inlets  were  studied,  but  this  arrangement,  located  either  above  or  below 
the  fuselage,  is  subject  to  undesirable  flow  intei actions  between  inlets  at  supersonic  speeds,  regardless 
of  the  cause  of  single  inlet  instability.  Pod-mounted  inlet  designs  permitted  a  desirably  straight,  rela¬ 
tively  short  subsonic  diffuser  but,  as  noted  in  the  engine  trades,  the  airplane  drag,  total  weight  and 
engine-out  performance  of  the  airplane  militated  against  this  configuration.  Consequently,  the  fuselage 
mounted  inlets  were  extensively  studied;  some  of  the  configurations  are  shown  on  Figure  10. 


Figure  10. 


INLET  CONFIGURATIONS  STUDY 
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All  inlets  were  evaluated  with  respect  to  inlet  drag,  weight,  recovery  and  distortion  characteristics  at 
high  supersonic  speeds  and  at  angle  of  attack.  External,  rather  than  mixed,  compression  flow  was  selected 
for  all  inlets  because  the  added  complexities  of  fabricating  and  controlling  a  mixed  compression  inlet 
outweigh  any  achievable  performance  in  the  F-X  air-to-air  design  maneuverability  speed  regime.  Asymmetric 
inlets  were  eliminated  from  later  consideration  because  of  high  distortion  at  high  angle  of  attack,  and 
high  angle  of  attack  maneuvering  is  an  F-X  inherent  requirement.  Consequently,  various  configurations  of 
2--D  (two  dimensional)  ramp  inlet  designs  remained  as  the  most  desired  candidates.  The  F-15  inlet  is  a  two- 
dimensional,  horizontal  ramp  design  with  a  variable  capture  area. 
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Figure  11  depicts  the  present  Inlet  variable  geometry  and  the  associated  inlet  control  system  parameters. 


ENGINE  AIR  INLET  SYSTEM  OPERATION 


Figure  12  relates  the  propulsion  system  with  the  complete  airframe. 


Figure  12. 


The  most  unique  feature  of  the  inlet  is  its  variable  capture  area.  Its  variation  is  accomplished 
by  rotating  the  entire  forward  ramp  system  as  a  unit  about  a  point  near  the  lower  cowl  lip.  The  included 
angle  of  the  inlet  leading  edge  is  fixed  so  that  changing  the  capture  area  alsc  changes  the  first  ramp 
deflection  angle.  The  capture  area  is  varied  as  a  function  of  Mach  number,  angle  of  attack  and  free  stream 
total  temperature.  The  third  ramp  is  linked  to  the  diffuser  ramp,  and  is  scheduled  as  a  function  of  Mach 
number.  To  enhance  matching  at  hot  day  or  low  altitude  conditions  where  engine  corrected  airflow  diminishes, 
a  temperature  bias  increases  the  third  ramp  angle.  A  similar  amount  of  supersonic  flow  turning,  before  the 
airflow  passes  the  bottom  lip,  is  maintained  under  such  conditions  by  closing  down  the  capture  area  and 
thereby  reducing  the  effective  first  ramp  deflection  angle.  By  virtue  of  this  temperature  biasing,  closing 
down  the  capture  area  at  supersonic  speeds  below  middle  altitudes  also  relieves  structural  loads.  For 
purposes  of  control  system  mechanization,  the  thiro'  ramp  is  defined  relative  to  an  inlet  reference  line 
which  moves  with  the  capture  area.  Thus,  the  third  ramp  Is  really  scheduled  relative  to  the  first  ramp, 
the  schedules  are  defined  so  as  to  produce  the  desired  total  deflect. un  of  the  flow  relative  to  free  stream. 
The  by-pass  system  is  an  aerodynamically  closed  loop  such  that  the  door  is  positioned  to  provide  a  desired 
throat  Hach  number.  This  desired  throat  Mach  number  is,  in  turn,  a  function  of  free  stream  Mach  number. 

A. 6  Secondary  Power  Subsystem.  For  a  discussion  of  the  ?-15,  the  Secondary  Power  Subsystem  must  be  defined 
as  two-engine  power  takeoff  shafts,  two  airframe  mounted  accessory  drives  (AMAD’s),  one  central  gear  box 
and  one  jet  fuel  starter  (JFS).  The  schematic  in  Figur:  13  is  a  pictorial  definition  of  the  subsystem. 

The  early  trade  studies  investigated  the  location  for  mounting  accessories,  whether  to  be  engine  mounted 
or  to  be  remotely  mounted.  Remotely  mounting  the  accessories  reduced  airplane  cross  section  because  the 
engine  cross  section  was  reduced  by  approximately  one  square  foot  without  accessories  attached.  Further¬ 
more,  a  complete  engine  change  could  be  expedited  because  engine-airframe  connections  were  eventually 
reduced  to  a  minimum  of  11  connections  for  each  engine— one  fuel,  one  environmental  control,  two  electrical 
connectors,  one  power  takeoff  shaft,  one  throttle,  one  nozzle  fairing  strap,  and  four  engine  counts. 
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F -IS  SECONDARY  POWER  SUBSYSTEM 


Figure  13. 


Toe  trade  offs  also  studied  the  function  of  engine  starting  to  some  detail,  comparing  remote 
mounted  accessories  relative  to  the  engine  to  assess  the  arrangement  relative  to  engine  starting  systems. 
Self  sufficiency  versus  ground  cart  assist  was  included.  Further,  the  arrangements  were  considered  to 
provide  energy  sources  for  ground  maintenance.  These  studies  favored  the  remotely  mounted  Shaft  Power  Unit 
(auxiliary  power  unit  -  APU),  considering  its  weight,  reliability  and  maintainability  cha-acteristics  rela¬ 
tive  to  those  of  the  jet  fuel  starter  (JFS),  the  cartridge  starter,  the  hydraulic  starter  plus  gas  turbine 
power  unit,  or  the  gas  turbine  compressor  plus  air  turbine  starter.  Later,  as  the  result  or  a  weight  and 
cost  saving  study,  the  APU  was  replaced  by  the  lower  weight,  lower  cost  JFS.  The  JFS  has  been  designed  to 
transmit  power  to  either  engine  in  any  sequence,  through  the  left  or  right  AMAD  gear  box  for  starting. 

For  current  F-15’s,  the  JFS  mounted  on  the  central  gear  box  is  configured  for  30  minutes  continuous  duty 
for  self-sufficient  ammunition  loading. 

A.  7  Testing. 

4.7,1  Hind  Tunnel.  In  the  process  of  refining  their  F-1S  design,  McAir  had  accumulated  12,772  wind  tunnel 
occupancy  hours  (WTOH)  oetore  signing  the  contract.  This  test  time  was  three  times  the  McAir  tunnel  time 
up  to  first  flight  of  the  F-4.  Furthermore,  since  contract,  McAir  has  occupied  National  Aeronautics  and 
Space  Administration  (NASA)  facilities  at  Ames  and  Langley  Research  Centers  and  those  at  the  Air  Force 
Arnold  Engineering  Development  Center  (AEDC)  tunnels  as  well  as  their  cvn  facilities  at  the  St  Louis, 
Missouri  plant  and  at  Douglas  Astrophysics  Laboratory  on  the  West  Coast.  In  the  four  years  since  contract 
award,  McAir  has  accumulated  more  than  the  pr«— contract  tunnel  occupancy  hours.  The  detail  to  which  the 
testing  has  investigated  the  F-15  characteristics  is  sunaarized  by  Figure  14a  and  14b. 


Figure  14a. 


F  IS  WIND  TUNNEL  TEST  PROGRAM 
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f  15  WIND  TUNNEL  TEST  PROGRAM 
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Of  these  tests,  two  areas  are  unique,  the  Fiopulsicn  Test  and  the  Stability  and  Control  Tests. 

For  inlet/tnglne  compatibility  analyses  before  contract,  McAir  devoted  over  5000  WTOH  to  inlet  and  nozzle 
design,  engine  spacing  and  airplane  configurations  with  engines  podded  and  buried  in  the  fuselage.  Subse¬ 
quent  to  contract  award,  McAir  has  devoted  nearly  2000  WTOH  more  to  investigating  the  characteristics  of 
the  final  inlet/engine  design  (Figure  14b).  The  scope  of  the  detailed  testing  as  included: 

Optimize  boundary  layer  bleed  system 
Optimize  schedule  of  ramps 

Verify  adequacy  of  inlet  offset  distance  from  the  fuselage 

Define  effects  of  control  system  errors 

Evaluate  lower  cowl  lip  shapes 

Evaluate  modifications  to  sideplate  geometry 

Investigate  changes  to  throat  slot  geometry 

Evaluate  alternate  third  ramp  configurations 

Investigate  alternate  by-pass  control  sensor  locations 

Over  600  WTOH  have  been  devoted  to  full-scale  inlet-engine  tests  at  AEDC  facilities.  As  a  result 
of  this  meticulous  investigation  of  this  technology  and  hardware,  flight  tests  to  date  have  produced  no 
evidence  of  inlet- induced  engine  stall. 

The  second  area  of  model  tunnel  testing  unique  to  the  F-15  is  the  Spin  Program  to  investigate  the 
fighter's  high  angle  of  attack  and  spin  characteristics  before  first  flight  in  July  1972.  These  investi¬ 
gations  of  pre-  and  post-stall  characteristics  at  AEDC  and  at  NASA  Langley  Research  Center  include  effectB 
of  center  of  gravity,  control  surface  positions  as  well  as  incremental  changes  to  basic  fuselage  nose 
shapes,  wing  and  empennage  relationships  and  inputs  fron  the  control  augmentation  system. 

To  complement  the  wind  tunnel  tests,  a  helicopter  F-15  model  drop  program  h ts  been  coordinated 
with  NASA  Langley  Research  Center.  Since  the  first  drop  in  March,  1972,  NASA  Langley  Research  Center  has 
completed  over  40  drops  of  this  13  percent  scale  model. 

The  lessons  learned  in  the  wind  tunnel  were  continually  app’ied  to  the  maturing  F-15  design 
before  first  flight,  a3  shown  on  Figure  15. 
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These  changes,  for  example,  reduced  drag,  improved  balance  characteristics  an.*  wing  structual  efficiency, 
inlet  airflow  and  consequent  engine  stability  margin  and  maintained  airplane  lateral-directional  stability, 
while  increasing  the  flutter  margin. 

The  wind  tunnel  program  is  nearly  completed  now.  Any  changes  in  WTOH  will  essentially  be  in 
areas  where  flight  testing  has  indicated  leed  for  further  improvement. 

4.7.2  Flight  Test.  The  flight  test  program  designated  specific  aircraft  to  investigate  technical  areas. 
Fighter  F-l  was  assigned  to  flutter  tests,  for  example.  The  "snag"  horizontal  tail  (see  Figure  8)  is  a 
specific  example  of  design  improvement  from  applying  lessons  learned  from  the  wind  tunnel  to  flight  testing. 
As  a  design  tool,  the  wind  tunnel  indicated  the  horizontal  tail  to  pe  more  flutter  prone  than  did  earlier 
analyses  and,  after  pressure  distribution  tests,  indicated  that  a  tail  with  a  "snag"  leading  edge  met 
flutter  standards.  At  this  time,  Fighter  F-l  was  nearing  first  flight;  its  "clean"  horizontal  tail  was 
ballasted  to  meet  flutter  requirements  during  early  handling  qualities  testing.  Subsequently,  flutter 
tests  with  the  newly  Installed  "snag  tail"  demonstrated  this  tail  configuration  change  to  be  quite  satis¬ 
factory  for  installation  on  all  aircraft. 

The  F-15  is  well  into  the  flight  test  program  and  is  undergoing  the  comprehensive  tests  analyses 
common  to  all  systems. 
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System  Analysis  for  a  Battle-Field  Air  Superiorly 
Fighter  Project  with  Respect  to  Minimum  Cost 

by- 

Johannes  Spinczyk.  Dr.  lng. 

Head  of  System  Engineering 
DORN1ER  GMBH 
Friedrichshafen,  Germany 


Summary 


The  battle-field  air  superiority  lighter  is  an  air  defense  aircraft  with  the  function  to  gain  and  to  hold  air  superiority  over  the 
combat  area  foi  limited  time  and  limited  operational  area. 

Foi  given  budget  th-  fleet  effectiveness  can  he  optimized  by  reducing  the  price  of  the  aircraft  thus  allowing  for  a  higher  number 
of  aircraft.  Mainly  a  low  cost  design  can  be  achieved  by  minimizing  the  take-off  weight.  Design  philosophy  is  to  adjust  range,  payload 
and  equipment  to  absolute  necessary  requirements  thus  arriving  to  a  "simple”  design,  but  not  to  compromise  air  combat  capability,  l. 
e.  maneuverability. 

For  the  evaluation  of  different  solutions  a  method  is  discussed  which  shows  the  role  of  aircraft  characteristics  with  respect  to  air 
combat  and  which  can  be  used  in  the  preliminary  design  phases.  In  the  present  paper,  the  influence  of  mission  and  design  parameters, 
i.  e.  range,  combat  time,  wing  loading  and  thrust/weight  ratio  on  takeoff  weight,  system  cost  and  air  combat  effectiveness  for  the 
battle-field  air  superiority  fighter  is  shown.  Different  veisions  of  a  battle-field  air  superiority  fighter  are  presented  and  comparative 
results  shown. 


1.  Introduction 

The  studies  for  a  battle  field  fighter  project  start  from  a  consideration  of  the  threat  situation  in  Central  Europe  which  results 
from  the  strong  numerical  superiority  of  the  Warsaw  Pact  states  in  tanks  and  aircraft.  In  order  to  deter  a  credible  defense  potential 
has  to  be  set  against  this  threat.  Concerning  the  air  forces  (he 
defense  potential  must  allow  apart  from  the  defense  of 
tank  attacks  especially  an  effective  air  defense.  For  this, 
ground-based  defense  systems  which  cover  the  whole  range 
of  altitudes  have  to  be  considered.  But  these  defense  sys¬ 
tems  have  to  be  completed  by  aircraft  (see  figure  11.  The 
aircraft  serve  to  secure  the  airspace  at  the  flanks  and  a: 
weak  spots,  to  fight  against  penetrated  aircraft  and  to 
undertake  the  air  defense,  where  the  ground-based  air  de¬ 
fense  has  collapsed. 

With  regard  to  the  situation  of  the  Federal  Republic 
of  Germany  (FRG),  a  modem  battle-field  air  superiority 
fighter  could  be  of  Interest,  which  is  capable  to  gain  and  to 
hold  air  superiority  over  the  combat  area  for  limited  time 
and  limited  operational  area.  This  task  includes  also  the  Fi&urc  U  A*  Defense  Systems 

interception  of  intruding  fighters  and  combat  aircraft  The  experience  from  different  conflicts  of  the  past  has  shown  that  the  fight, 
that  is  the  defense  against  enemy  aircraft,  leads  freq  jently  to  the  air  combat  in  the  dogfight  mode;  therefore,  pronounced  air  combat 
capability  is  required. 
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The  following  missions  are  considered  for  the  battle-field  air  superiority  fighter: 


-  Air  combat  and  air  patrol  missions 

-  Interception,  but  extreme  altitude  excluded 

-  Escort  missions  for  own  CAS-aircraft 
Limited  capability  for  close  air  support 

-  Battle-field  reconnaissance 


primary  missions 


secondary  roles 
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2.  Analysis  of  Requirements 

In  analysing  requirements  of  a  battle-field  air  superiority  fighter,  it  is  not  intended  to  discuss  design  criteria  of  fighter  aircraft, 
since  this  was  done  already  in  the  past  b\  several  authors  (1,  2).  This  paper  concentrates  mainly  on  cost  considerations  during  the 
formulation  of  design  requirements. 


2.1  Design  Philosophy 

The  fundamental  level  of  the  costs  for  a  weapon  system  is  already  determined  by  the  design  requirements.  Therefore  it  is 
necessary  to  consider  the  viewpoints  of  cost  already  during  the  preparation  of  such  requirements.  Th-s  is  done  by  obtaining  a  survey 
about  the  influence  of  the  different  requirements  on  the  cost. 

The  design  philosophy  in  the  cast  of  the  battle-field  air  superiority  fighter  is  not  to  compromise  air  combat  capability,  because  - 
as  air  combat  simulation  shows  -  already  a  relative  slight  inferiority  leads  to  the  result  that  the  fight  against  the  opponent  will  be  lost 
in  most  cases.  A  reduction  in  cost  will  be  reached  especially  by  minimizing  the  take-off  weight.  Therefore,  radius  of  action,  payload 
and  equipment  are  confined  to  absolute  necessary  values  and  combat  time  is  chosen  in  order  to  maximize  fleet  effectiveness. 
Fuitheron,  design  ana  construction  are  kept  as  simple  as  possible  and  complexity  and  use  of  not  proven  technology  is  tried  to  be 
avoided. 

For  the  battle-field  air  superiority  fighter  a  single  seater  is  proposed.  The  aircraft  should  be  fitted  with  two  engines  in  spite  of  the 
higher  aircraft  unit  cost,  for  safety  reasons  especially  in  peacetime  operation,  where  flights  over  the  densely  populated  European 
country  must  be  cosidered. 

With  limited  budget  it  is  not  possible  to  procure  for  each  task  a  special  optimum  aircraft  or  weapon  system  resp.  In  the 
contrary,  it  is  necessary  to  assign  one  weapon  system  to  several  tasks.  However,  one  has  to  take  care  that  only  such  tasks  are 
combined  which  can  be  accomplished  by  the  weapon  system  without  co  ,siderable  additional  costs.  As  figure  2  shows,  the  battle-field 
air  superiority  fighter  could  cover  the  principal  and  secondary  missions  as  mentioned. 


Figure  2:  Multi-Mission  Capabilit  ,■ 
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2.2  Definition  of  Cost 

The  considerations  >vith  regard  to  cost  cover  the  so-calle-i  system  cost  as  rhown  in  figure  3.  The  life  time  over  15  years  is 
considered  as  peacetime  operation.  The  system  unit  cost  are  the  research  and  development  cost  and  the  procurement  cost  per 
aircraft. 

The  estniiation  of  cost  in  the  early  design  ukases  is  not  without  problems  concerning  accuracy.  However,  the  mam  purpose  of 
'he  cost  considerations  is  to  achieve  a  reaso.iabh  level  of  cost  by  analysing  the  influence  of  requirements  on  cost  Therefore  r.ot  the 
absolute  cost  number  seems  to  be  of  most  importai  ce  but  the  relative  number.  For  this  purpose,  the  statistical  methods  used  seem  to 
be  sufficient.  Moreover,  it  can  be  assured  that  tht  values  given  arc  relatively  close  to  absolute  cost  numbers  on  the  basis  of  1973. 


I  R  &  D  AND  LAUNCHING  COST  (PROPORTIONATE  TO  44  A/C! 

II  PROCUREMENT  AND  INTRODUCTION  COST  INTO  SERVICE 

•  44  A/C.  BASED  ON  FLY-AWAY  UNITPRiC3 

•  INITIAL  ISSUE  OF  SPARE  PARTS 

•  GROUND  EQUIPMENT,  TOOLS,  ETC. 

•  DOCUMENTATION.  TRAINING 

II.  OPERATION  AND  SERVICE  COST  DURING  LIPE  TIME 
»  MAINTENANCE  AND  OVERHAUL.  A/C 

•  MAINTENANCE  AND  OVERHAUL,  AGE 

•  POL 

•  TECHNICAL  REPRESENTATIVES 

•  INFRASTRUCTURE 

•  PERSONNEL 

IV.  (SYSTEM  UNIT  COST -II  *111/ 44) 


Figure System  Cost  Definition 


Fig.  4  shows  the  quantity  of  the  system  cost  and  the  flyaway  unit  cost  to  be  expected.  The  operation  of  a  squadron  of  44 
battle  field  fighters  is  expected  to  cost  appr.  50  Mio  DM  per  year.  An  amount  of  appr.  1C.5  Mi"  DM  for  the  flyaway  unit  price  should 
be  achievable. 
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Figure  4-  System  Cost  and  Fly-away  Unit  Cost 


The  requirements  with  regard  to  the  avionics  can  influence  the  cost  in  a  very  decisive  way.  Four  alternate  avionics  packages  with 
inc..  asms*  performance  were  defined  and  studied  with  regard  to  the  cost  effects.  It  is  necessary  to  consider  no;  only  the  net  price  of 
the  avionics  out  also  the  implications  on  weight  and  volume.  As  figure  5  Jiows,  the  cost  increases  very  sensitive  with  the  increase  of 
effectiveness.  The  avionic:  pack.ige,  which  would  meet  all  expectations,  costs  more  than  twice  the  proposed  solution  but  has  only  an 
estimated  improve  nent  in  effectiveness  of  appr.  40  %. 

The  evaluation  of  the  effectiveness  of  avionics  is  difficult  because  of  the  problem  to  quantify  clear),  the  influence  of  avionics  on 
mission  success  and  because  of  the  variety  of  tasks  to  be  performed  by  the  avionics.  Here  a  method  was  used  which  relies  on 
engineering  judgement  and  is  similar  to  the  method  which  is  described  later  in  ch-prer  3. 
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Figure 5:  Cost  of  Avionics 

!r.  figu.c  6  the  system  unit  co-t  it  shown  as  function  of  takeoff  gross  weight.  The  system  unit  :ost  increases  by  one  Million  DM. 
if  the  gress  weight  increases  by  one  metric  ton.  The  weight  of  10  metric  tons  results  in  system  unit  cost  of  appr.  18  Million  DM- 
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2.3  Discussion  of  Requirements 

The  following  considerations  ere  based  on  results  for  a  more  detailed  conventional  design  and  on  parametric  studies  derived 
from  this  design  The  results  are  valid  for  a  mission  with  a  radius  of  action  of  1 50  nm  with  outbound  and  inbound  flight  at  30000  ft 
altitude  Thr  combat  time  is  2.5  min.  in  15000  ft  altitude  at  0.8  Mach  number.  10  min.  loiter  time  is  added  in  advance  to  the  combat 
phase.  Fuel  reserve  is  5  %  of  total  fuel  consumed. 


Among  excellent  flying  qualities  and  a  perfect  cockpit  vii.'iility,  the  combat  performance  that  is  sustained  turn  rate  and  1 
g  specific  excess  power  (SEP)  are  the  decisive  parameters  for  air  combat  an^  inter-motion  (1,  ZJ.  For  this  reason,  these  parameters 
could  not  be  compromised  and  cost  reasons  cannot  determine  the  choice  of  turn  rate  and  specific  power,  but  one  has  to  fullfil  the 
requirement  to  achieve  comparable  or  even  better  perform¬ 
ance  values  than  the  potential  future  opponent  aircraft. 


Figure  7  shows  estimated  S.-.P-  and  turn  rate  values  of 
some  realized  aircraft  and  projected  aircraft.  The  altitude 
of  1 5000  fir  and  a  Mach  number  of  0.8  are  considered  as 
representative  with  regard  to  t’  flight  regime  of  air  com¬ 
bat.  The  minimem  requirements  for  the  battle  field  fighter 
are  a  SEP-value  of  150  m/s  and  a  turn  rate  of  10  °/s.  But 
some  recent  fighter  projects  shows  a  jump  to  values  of 
SEP  >  250  m/s  and  turn  rates  of  appr.  15°/s.  It  is 
reasonable  to  assume  that  an  opponent  will  develop  com¬ 
parable  aircraft. 


These  high  performance  values  are  obtained  with  high 
thrust/weight  ratios  (T/W)  and  low  wing  loadings  (W IS),  as 
figure  8  illustrates.  The  performance  values  mentioned 
correspond  to  thrust/weight  ratios  of  1.2  and  wing 
loadings  of  300  kg/m:  in  the  case  of  «  conventional  design. 
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Figure  7:  Minimum  Combat  Performance 


What  are  the  limits  of  SEP  and  turn  rate’  The  human  tolerance  concerning  g  loads  can  be  assumed  in  the  range  between  n  =  7  - 
7  5.  This  tolerance  restricts  the  turn  rate  to  appr.  16°/s.  Another  limitation  can  be  found  by  considering  the  "buffeting  limit”  with 
"moderate  buffeting"  roughly  at  a  lift  coefficie.it  of  Cl  =  0.7.  This  limit  yieJds  SEP  values  of  appr.  200  m/s.  Figure  8  shows  lurther, 
that  .he  costs  rise  continuously  with  the  increase  in  SEP  and  turn  rate.  The  influence  of  SEP  and  turn  rate  on  the  system  unit  cost  is 
shown  more  detailed  in  figure  9.  Doubling  the  specific  excess  power  from  150  .n/s  to  300  m/s  increases  the  system  unit  cost  from 
14  Million  DM  to  19  Million  DM.  The  additional  impressment  of  the  turn  rate  from  53°/s  to  15°/s  cost  sa  further  1  Million  DM. 


The  thrust/weight  ratios  and  wing  loadings  discussed 
here  allow  to  fullftl  easily  requirements  concerning  short 
take-off  distances  and  maximum  speed  isee  figure  10).  For 
the  escort  of  own  CAS  aircraft  and  for  interception  and 
pursuit  of  enemy  airc-ift  near  ground,  a  sufficient  speed 
capability  is  necessary.  Therefore  a  maximum  Mach  num¬ 
ber  of  1.2  at  sea  level  is  chosen.  The  service  ceilings  is  not 
considered  as  a  detem  ining  requirement  because  cet'ings 
of  65000  ft  are  easily  achieved. 

In  order  to  achieve  high  turn  rates,  the  buffet  lim¬ 
itations  have  to  be  considered  as  mentioned  ahead).  As 
figure  1 1  shows,  high  turn  rates  can  he  achieved  only  with 
relative  low  wing  loadings  of  appr.  300  kg/mJ  assuming 
the  Change  for  "moderate  buffeting"  as  shown  |3|. 

These  wing  loadings  would  be  also  valid,  •/ advanced  tech¬ 
nology  allowed  for  much  higher  CL-''alues  for  buffet. ng  and 
for  h'gher  g-tolerar.ccs  due  to  advanced  cocki  'evig.i  Considering  tr  .  altitude  and  speed  range  of  air  combats,  figure  1 1  shows  also 
that  for  30000  ft  altitude  and  0.9  Mach  •  ,b\r  even  smaller  wing  loadings  would  be  of  advantage  with  respect  to  buffeting 
avoidance. 


Figure  10:  Thrust  I  Weight-ratio  and  K ’ingloadmg 


•  1 1:  7 u mratc  and  Buffeting  Limitations 


Combat  time  and  radius  of  action  influence  weight 
and  cost  m  a  similar  significant  way  as  SUP  and  turn  rate 
(sec  figure  12S.  An  incrcas'  in  the  radius  of  action  from 
150  nm  to  200  nm  raises  the  cost  by  appr.  1  Mill.  9M. 
doubling  the  combat  time  from  2,5  min.  to  5  min.  raises 
the  cost  by  appr.  13  Mill.  DM. 

Com*  at  time  and  radius  of  action,  however,  do  not 
play  such  a  decisive  role  concerning  air  combat  perform¬ 
ance.  Therefore,  these  parameters  can  be  chosen  consider¬ 
ing  cost. 

In  case  of  an  air  defense  tighter,  a  radius  of  action  of 
!  50  nm  is  sufficient,  if  the  operation  in  the  FRG  is  consid¬ 
ered  Concerning  the  combat  time,  a  low  value  is  aimed  at, 
in  order  to  determine  the  length  of  comhat  time,  a  maxi¬ 
misation  of  the  fleet  effectiveness  for  given  budget  can  be 
attempted. 


Figure  12:  System  Unit  Cost  v. s  Combat  Time 
and  Radius  of  Action 
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Figure  1J:  Fleet-Effectiveness  for  battlefield-  Figure  14:  System  Unit  Cost  vs  Aircraft  Series 

Airsuperioritv  Fighter 


The  fleet  effectiveness  depends  in  a  certain  way  on  the  number  of  possible  sorties  of  the  fleet  and  on  the  combat  tune  per  sortie. 
A  takeoff  weight  and  combat  time  respectively  are  sought,  where  for  a  given  budget  and  constant  SEP  and  turn  rate  the  fleet 
effectiveness  reaches  a  maximum  value.  When  evaluating  the  rumber  of  sorties  per  fleet,  the  parameters  listed  on  the  right  m  figure 
13  havt  to  be  considered.  As  figure  14  shows,  the  system  unit  cost  depends  strongly  on  the  aircraft  production  number.  The  number 
of  aircraft  which  can  be  procured  with  a  given  budget  is  proportional  to  the  reciprocal  value  of  the  unit  price. 

Increase  in  combat  time  raises  the  takeoff  weight  (see  figure  1 2).  The  corresponding  increase  of  the  dimensions  of  the  aircraft 
leads  to  a  higher  vulnerable  area,  as  figure  15  shows.  The  figure  shows  also  the  reduction  in  the  mean  sortie  life  as  effected  by  the 
increase  of  the  vulnerable  area. 

In  figure  ?6,  the  influence  of  combat  time  on  the  maintenance  index,  the  maintenance  cost  and  the  availability  is  shown. 


Figure  IS  I  ulnt  table  Area  arul  Mean  Sortie  Life  vs  Combat  Time 


Figure  16  Maintenance  Index,  Cost  and  Availability  rt  Combat  Time 
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The  collection  of  ill  mentioned  influences  cn  the 
fleet  effectiveness  leads  to  the  results  shown  in  figure  17. 
As  combat  efficiency,  the  cummulative  distribution  of  the 
duration  of  air  combat, as  it  is  known  for  example  from  air 
combat  similation  could  be  taken.  It  is  assumed  that  60  .•> 
of  all  air  combats  do  not  last  longer  than  ?.5  min.  and 
95  %  of  all  air  combats  do  not  last  longer  than  4.5  min. 
Tne  number  of  sorties  per  fleet  as  function  of  combat  time 
depends  especially  on  the  budget  given  and  on  the  threat 
level. 


The  essential  statemi  *  of  this  diagram  is  that,  for 
small  budget  and/or  high  threat,  smaller  aircraft  with 
limited  combat  time  are  more  favorable,  whereas  for 
higher  budget  and/or  low  threat,  larger  aircraft  seem  to  be 
of  advantage. 


.j 


Figure  1 7-  Fleet  Effectiveness  for  a  given  Budget 


For  the  sm-11  radius  of  action  discussed  here  and  lot  the  assumed  predominance  of  missions  with  air  combat,  a  design  with 
internal  fuel  only  is  less  expensive  that  means  that  the  design  mission  is  flown  without  the  use  of  external  fuel  tanks.  Figure  18  shows 
the  effect  on  cost,  if  internal  fuel  for  a  given  mission  is  exchanged  against  external  fuel.  While  the  weight  and  the  cost  of  the  clean 
aircraft  decrease  with  the  percentage  of  external  fuel,  the 
increasing  cost  of  the  external  tanks  and  the  additional 
installation  has  to  be  added. 


Naturally,  by  the  use  of  external  fuel  tanks,  the 
mission  flexibility  is  increased.Thc  outbound  flight  and  the 
loiter  time  during  air  patrol  can  be  flown  with  external 
fuel.  The  fuel  pods  would  be  dropped,  only  if  an 
engagement  with  the  enemy  occurs,  thus  the  air  combat  is 
started  with  full  internal  fuel  tanks.  The  use  of  external 
fuel  tanks  allows  increase  in  combat  time,  loiter  time  and 
radius  of  action. 

In  the  case  of  the  battle-field  air  superiority  fighter, 
the  use  of  external  fuel  tanks  would  result  in  a  cost 
increase  of  appr.  0.5  %  taking  the  design  mission  as  a  basis 


Figure  IS.  I ntcmiU External  Fuel  Optimization 


The  analysis  of  rec  icnsnts  sits  in  the  set  up  of  main  rctjuiren i...  as  shown  m  figure  19.  In  order  to  minimize  the  take-off 
weight  and  cost,  and  corve’pci  ‘  mg  *.  design  comtai  tunc  of  2.5  tnir...  two  air.  missiles  and  one  machine  gun  arc  chosen  as  normal 
design  weapon  load . 
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3.  Evaluation  Model 


For  the  design  work  in  the  early  design  phases  especially  for  concept  and  configuration  studies,  evaluation  methods  are  needed 
besides  the  main  requirements.  These  methods  must  explain  to  the  design  engineer  the  significance  of  various  design  parameters.  An 
assessment  of  a  solution  alone  by  the  help  of  an  air  combat  simulation,  for  ex  nnpie,  is  not  complete;  furtheron,  such  simulations  are 
perhaps  more  appropriate  in  later  design  phases,  where  sufficiently  detailed  and  precise  data  are  available. 

As  the  block  scheme  of  figure  20  shows,  the  proposed  method  starts  from  the  considered  missions  of  the  battle-field  air 
superiority  fighter.  The  flying  qualities,  the  performance  and  oiher  important  aspects,  as  for  example  the  cockpit  visibility,  the 
vulnerability  etc,  are  analysed.  Flying  qualities  and  performance  evaluation  are  combined  using  weighting  factors.  To  this  evaluation 
of  the  aircraft  capabilities  the  evaluation  of  the  further  aspects  is  added  by  J»ing  a  second  weighting  factor.  The  complete  evaluation 
considers  also  the  cost. 
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Figure  20:  Block  Scheme  oj  Fs  aquation  Method 


Figure  21  helps  to  explain,  how  the  .mporunce  of  the  flying  qualities  is  derived.  From  the  analysis  of  air  combats,  air  combat 
simulations  and  pilots  debriefings,  but  also  by  considering  training  programs  of  combat  pilots,  it  is  possible  to  get  a  representative  set 
of  flight  maneuvers,  which  are  essential  for  a  brttle  field  air  superiority  fighter  vsec  column  1  of  figure  21  u  Furtheron,  such  an 
analysis  yields  information  to  assume  a  relative  frequency  of  the  different  maneuvers  ^column  2'.  This  frequency  is  taken  as 
weighting  of  the  flight  maneuvers  An  analysis  of  the  influence  of  the  flying  qualities  for  the  different  maneuvers  allows  an  estimation 
of  their  relative  value  see  head  row  of  figure  21 ,  .  The  multiplication  of  these  valences  with  the  corresponding  weighting  of  the  flight 
maneuver  and  the  summation  of  all  products  for  each  parameter,  results  in  an  estimation  of  the  importance  of  the  parameter 
considered  with  respect  to  the  .asks  of  the  battle-field  fighter  'see  lower  row  of  figure  21  j.  As  shown  in  this  example,  maximum  lift 
and  control  oi  normal  acceleration  have  high  rank  of  importance. 


Figure  2t:  Weigh  of  Flying  Qualities 
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Analogous  to  the  flying  qualities,  an  assessment  of  the  importance  of  the  different  performance  parameters  can  be  carried  out 
(see  figure  22).  The  determination  of  the  significance  of  the  other  aspects  considered  is  done  by  using  a  matrix  method  (see  figure 
23).  All  aspect*  are  compared  among  one  another.  The  matrix  is  worked  out  independently  by  some  experienced  people  to  assure  an 
objective  result. 
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Figure  22:  Evaluation  Matrix  of  further  Aspects 


For  the  assessment  of  different  solutions  of  a  battle-field  fighter  so  called  value  functions  are  needed  (see  figure  24). 

The  evaluation  of  the  solutions  is  carried  out  by  determining  at  first  the  different  aircraft  characteristics.  Then,  the  numbers  of 
the  corresponding  value  function  is  determined.  The  multiplication  of  these  numbers  with  the  corresponding  weighting  factors  for 
each  flight  maneuver  and  the  summation  of  all  products  yield  an  evaluation  number  for  each  solution.For  this  procedure,  a  table  can 
be  used  as  shown  in  figure  25. 

The  method  described  herein  requires  cngmceiing  skill  and  judgement.  An  appreciable  insight  into  the  design  problems  of  a 
fighter  can  be  gained  The  method  revails  that  the  flying  qualities  have  to  be  considered  and  estimated  already  in  the  beginning  of  the 
design  process  of  the  battle-field  fighter.  In  case  of  very  new  concepts,  even  wind  tunnel  measurements  can  be  necessary  in  these 
early  design  phases. 
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4.  Presentation  of  Concepts 

In  oixler  to  arrive  to  an  optimal  technical  solution  fur  a  battle-field  air  superiority  fighter,  three  fundamental  concepts,  the 
conventional  dragon  concept,  the  canard  concept  and  the  double  delta  concept,  were  considered  and  for  each  concept  a  preliminary 
design  was  worked  out.  These  designs  are  still  not  optimized  in  each  detail  but  serve  for  a  preliminary  evaluation. 

The  three-side  vi-.v  of  the  conventional  design  is  shown  in  figure  26.  The  aircraft  is  a  high  wing  solution  with  strakes  and 
maneuver  flaps.  In  figure  27,  the  canard  concept  is  illustrated.  The  low  delta  wing  allows  a  favorable  ,-u.^..gement  of  the  landing  gear. 
Furtheron,  sufficient  space  is  available  for  storing  equipment  and  fuel.  This  concept  has  the  known  advantages  regarding 
maneuverability  and  minimum  speed. 


The  third  concept,  the  double  delta,  is  characterized  by  the  fact  that  the  outer  wing  can  swivel  (see  figure  28).  The  swivel  axis  ir 
perpendicular  to  the  long.tuiinal  axis  of  the  aircraft.  The  outer  wings  are  working  as  ailerons  and  as  elevators  The  arrangement 
allows  not  only  to  avoid  the  high  trim  losses  of  pure  conventional  configurations  during  high  g-maneuvers  but  permits,  Ly  appropriate 
change  of  the  wing  twist  in  spanwist  direction,  to  optimize  ihe  spanwise  lift  distribution  with  regard  to  minimum  speed  and  induced 
drag  The  chined  forebodv  of  the  doub'e  delta  aircraft  serves  to  reduce  trim  drag  at  high  Mach  numbers  and  to  increase  direct  >onal 
stability  with  inci  easing  angle  of  attack. 


figure  28:  Double  Delta  Concept 


All  three  concepts  are  characterized  by  cockpit  layouts  for  excellent  visibility. 

A  comparison  of  main  data  of  the  three  concepts  is  given  in  figure  29.  The  double  delta  concept  yields  favorable  results  in 
dimensions,  weight,  thrust  and  flyaway  price.  The  conceptual  designs  of  the  three  solutions  are  worked  out  for  equal  thrust/weight 
ratio  and  equal  span  loading.  Therefore  they  do  not  have  exactly  the  same  specific  excess  power  and  turn  rate  in  the  design  point  as 
required.  This  ^ould  be  achieved  by  a  further  iteration,  but  even  then  the  performance  values  would  be  different  at  any  other  point 
than  the  design  point.  Since  the  design  point  cannot  fully  reflect  the  flight  regime  of  air  combat  with  respect  to  speed  and  altitude, 
the  differences  in  the  performance  values  in  the  whole  regim:  of  spiced  and  altitude  have  to  be  considered  during  an  evaluation. 


Figure  29:  Comparison  of  Main  Data 


In  figure  30,  the  flight  envelopes  are  shown.  The  maximum  Mach  number  is  limited  according  to  a  dynamic  pressure  of  1  at 
or  a  total  temperature  of  125  °C.  A  comparison  of  SuP  as  function  of  Mach  number  at  aero  and  15000  ft  altitude  is  shown  in  figure 
31.  In  figure  32,  the  turn  rate  as  function  of  Mach  number  is  given.  Finally  figure  33  shows  the  specific  excess  power  against  the  t-  ' 
rate.  The  figures  show  favorable  results  for  the  double  delta  concept. 

In  order  to  enable  a  final  choice  between  the  three  concepts  considered  here,  the  further  evaluation,  especially  regarding  the 
flying  qualities  has  to  be  carried  out  as  described  already.  The  u  -  aits  available  so  far  show  that  the  double  delta  concept  is  very 
promising. 


Figure  32;  Tumrate  vs  Mach  Number  Figure  33c  SEP  vs  Turn  Rate 
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5.  Concluding  Remans 

Cost  studies  must  be  c-rried  out  already  during  the  prepara'ion  of  requirements  together  with  the  conceptual  design  studies  in 
order  to  reduce  the  cost  of  new  weapon  systems  and  to  avoid  highly  complex  aircraft.  Often  primary  performance  requirements  can 
however,  not  be  compromised  by  cost  considerations.  For  a  given  budget  ,  the  fleet  effectiveness  can  be  optimized  by  reducing  the 
price  of  the  aircraft,  thus  allowing  for  a  higher  number  ol  aircraft.  Above  all  a  low  cost  design  can  be  achieved  by  minimizing  the 
take-off  weight  together  with  the  equipment,  especially  the  avionics. 

For  the  evaluation  of  alternate  solutions  in  the  early  design  pr.scess  and  for  optimization,  methods  are  necessary  which  allow 
significant  insight  into  the  design  problems.  Such  methods  could  not  be  substituted  by  air  combat  simulation,  but  complemented. 
The  concept  of  a  battle-field  air  superiority  fighter,  which  was  used  here  as  example  for  system  analysis  and  cost  considerations, 
promises  a  highly  effective  weapon  system  for  air  defense  at  low  cost.  The  applicability  of  advanced  technology,  e.  g.  CCV,  could  not 
be  treated  hei  Father  studies  have  to  be  carried  out  in  this  field  in  order  to  arrive  to  an  optimum  solution  for  a  battle-field  air 
superiority  fighter. 
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THE  B-l  BOMBER  -  CONCEPT  TO  HARDWARE 
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SUMMARY 


This  paper  traces  the  B-l  from  its  initial  conceptual  studies  to  the  hardware 
which  will  soon  fly.  The  interaction  of  the  B-l  requirements  and  advanced  technology  is 
given  special  consideration.  Finally,  the  paper  examines  in  depth  the  preliminary 
design  process  ard  then  compares  the  hardware  product  with  earlier  designs.  The  "lessons 
learned"  from  the  analysis  are  summarized. 

The  B-l  Strategic  Bomber  is  the  latest  and  most  sophisticated  aircraft  in 
development.  It  is  planned  as  a  replacement  for  the  B-52,  The  key  requirements  are 
thus  initial  survivability,  improved  penetration  capability,  improved  payload-range,  and 
through  these  greater  cost-effectiveness  than  the  B-52. 

***** 

While  the  first  B-l  bcmber  is  rapidly  taking  shape  as  hardware,  the  airplane 
design  continues  to  evolve.'  Since  it  is  the  most  sophisticated  aircraft  under  develop¬ 
ment,  it  deserves--and  gets — much  attention.  Further,  since  the  concept  studies  were 
started  eight  years  ago,  it  is  now  worthwhile  to  look  at  the  B-l  development  as  a  case 
study  of  preliminary  design. 

The  Advanced  Manned  Strategic  Aircraft  (AMSA)  program,  which  led  to  the  B-l, 
started  in  1965.  The  primary  requirement  was  for  a  cost-effective  replacement  for  the 
aging  B-52.  Thus,  the  aircraft's  mission  was  to  deter  general  nuclear  war  by  being 
capable  of  surviving  an  enemy  first  strike,  successfully  penetrating  enemy  defenses, 
and  accurately  delivering  offset  or  laydown  weapons  on  both  industrial  and  military 
targets . 


Since  technology  had  expanded  from  1950  (B-52  period)  to  1965,  many  alterna¬ 
tives,  such  as  V/STOL,  all  supersonic  penetration,  stand-off  missile  launchers,  low 
altitude  penetrators,  etc.,  had  to  be  reviewed.  The  results  of  these  analyses  quickly 
showed  that  low  altitude  penetration  at  high  subsonic  speed  was  the  preferred  mode--a 
supersonic,  high  altitude  capability  further  provided  flexibility  and  helped  dilute 
enemy  defenses.  These  modes  became  the  prime  requirements  for  the  AMSA  studies.  The 
AMSA  studies  continued  for  four  years--oriented  at  defining  a  cost-effective  B-52 
replacement.  Three  airframe  contractors  were  funded  throughout  the  AMSA  studies. 

Figure  1  portrays  this  time  history.  It  can  be  seen  that  the  studies  terminated  in 
late  1969  with  the  B-l  requirement  and  Request  for  Proposal.  At  the  end  of  the  propo-.al 
evaluation,  June  1970,  North  American  Rockwell  was  selected  to  design  and  develop  the 
B-l.  First  flight  is  scheduled  for  June  1974.  The  first  aircraft  is  now  being 
assembled  at  Palmdale,  California. 

The  AMSA  studies  approached  the  conceptual  definition  with  a  three-pronged 
effort —  1)  detailed  analysis  on  a  point  design  aircraft,  2)  parametric  analyses 
centered  around  the  point  design,  and  3)  specific  studies  and/or  tests  in  new  technology 
and  high  risk  areas. 

I  believe  the  B-l  is  a  classic  example  of  the  concept  definition  pre-design 

paradoxes : 

a)  Must  meet  increasing  threat  vs.  what  threat  can  you  prove. 

b)  Must  emphasize  new  technology  vs.  too  much  of  an  advance  in  state  of 


the  art. 
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Figure  1 


c)  Present  systems  are  good  enough  vs*  not  enough  better  than  present  system* 

Accordingly,  the  concept  definition  phase  was  long  and  slow.  The  parametric  studies 
were  very  extensive  trying  to  provide  data  tc  support  a  firm  requirement.  These  studies 
varied  payload,  military  load,  and  design.  A  brief  overview  of  this  process  is  shown 
on  Figure  2.  Preliminary  Design  Review  (PDR)  is  taken  as  the  key  tirae--that's  when 
there  finally  became  one  configuration  with  its  specific  drawings*  This  doesn*  t  mean 
that  when  PDR  was  over,  we  stopped  making  changes--but  when  changes  were  required  (or 
desired)  it  did  mean  making  drawings  over. 


Now  I'd  like  to  go  back  co 
those  AMSA  studies  and  look  at  some  of 
the  requirements,  configurations,  tech¬ 
nology  studies  and  results. 

Since  cost  effectiveness  was  a 
major  criteria,  payload  (SRAM  -  Short 
Range  Attack  Missiles  -  and  SCAD  - 
Subsonic  Cruise  Armed  Decoy)  was  a  major 
variable.  The  B-52  carries  SRAM  on  a 
rotary  rack  with  eight  missiles  attached. 
For  the  new  bomber  it  was  natura'.  to  look 
at  multiples  of  this  design,  i.e.,  16,  24, 
32  SRAM's.  With  24  SRAM's  (three  times 
B-52  payload)  the  impact  is  severe  as 
shown  in  Figure  3.  Here  we  can  start  to 
■?,?>>  the  required  advances  in  technology. 


CONFIGURATIONS  TO  DRAWINGS 


CONFIGURATIONS  DRAWINGS 


Figure  2 
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a)  Hold  structural  fraction  at 
22%  while  incorporating  variable  sweep  and 
large  payload  bays. 

b)  Hold  systems  fraction  to 
vithin  10%  of  that  of  B-52  while  adding 
terrain  following  radar ,  improved  sensors, 
additional  penetration  aids,  etc. 

c)  Accomplish  required  range 
with  29%  less  fuel  (*,1%  vs.  53%). 


STRUCTURE  SYSTEMS  PAYLOAD  fUE*. 

ETC 


Figure  3 

In  order  to  hold  the  flructural  fraction  while  incorporating  large  weapon 
bay  cutouts  and  variable  sweep,  new  materials  and  alloys  were  studied.  Composites 
(both  boron  and  carbon)  *ere  also  investigated.  High  strength  alloys  of  aluminum  arid 
steel  were  considered,  unique  structural  design  concepts  were  al  =  o  looked  at-~such  as 
blended  wing  bodies  to  minimize  wetted  area  and  maximize  structural  depth.  Tire  primary 
effort  was  centered  about  titanium  and  the  must  efficient  ways  to  use  and  manufacture  it. 

The  segment  called  "systems"  offered  many  challenges.  This  segment 
includes:  Engines,  offensive  avionics,  defensive  avionics,  electrical  power,  hydraulic, 
cooling,  escape,  etc.  In  each  of  these  areas  major  developments  were  undertaken. 

A  lightweight  augmented  turbofan  demonstrator  program  was  initiated.  The 
developments  included--  a)  high  tu.7b.ne  temperature  (cooled  blades),  b)  short  annular- 
combustor,  c)  short  mixer  and  augmentor,  d)  minimum  length  design.  Two  contracts 
were  let  for  the  building  and  running  of  technology  demonstrator  engines  to  incorporate 
the  above  features. 

In  the  offensive  avionics  areas  new  technology  offeree,  promise  of  simplifi¬ 
cation,  higher  r  liability  and  easier  installation.  Digital  systems  were  seen  as  the 
kay  with  emphasis  on  phased  array  type  antennas  doing  multiple  functions.  A  multi-mode 
radar  hardware  development  program  was  established  to  pursue  this  possibility.  A  bread¬ 
board  system  was  constructed  and  flown  in  a  C-135. 

Defensive  avionics  offered  an  even  greater  challenge.  New  concepts  using 
digital  technology  appeared  necessary  to  support  the  penetration  requirements  and  pro¬ 
vide  adequate  future  growth  and  flexibility.  Development  programs  for  key  technical 
features  were  supported.  The  technical  feasibility  was  demonstrated. 

The  requirements  for  initial  survivability  lead  to  dispel  sal  and  hence  to 
a  need  for  a  Central  Integrated  Test  System  (CITS).  The  primary  purpose  of  CITS  is  t' 
provide  assurance  while  at  a  dispersed  sits  that  the  airplane  is  ready  to  go  (thus 
replacing  flight  line  Aerospace  Ground  Equipment  (AGE).  This  new  system  was  another 
challenge  to  define  and  impleraent--and  also  to  tr.e  weapon  system  designer  to  include 
within  weight  and  cost  targets. 

The  last  challenge  was  to  the  aerodynaraicist--how  to  do  the  mission  with 
25%  less  fuel.  The  engine  rechniiogy  programs  offered  10-15%  improvement,  in  specific 
fuel  consumption.  Variable  sweep  was  the  primary  aerodynamic  advancement.  Tho  AMSA 
designs  were  initially  like  the  F-lll's  and  started  from  the  same  NASA  data  base.  As 
the  configus-ation  evolved  it  became  apparent  that  the  larger  payload  fraction  and  air¬ 
craft  balance  required  the  engines  to  be  near  the  aerodynamic  center  rather  than  at  the 
rear  as  in  the  F-lll.  This  new  arrangement  led  to  problems  of  fuselage  heating, 
horizontal  tail  placement,  etc.  Wind  tun,, el  tests  on  the  various  configuration  alter¬ 
natives  were  conducted.  It  was  evident  that  the  requirements  resulted  in  a  difficult 
design  problem- -and  that  any  selected  configuration  would  require  much  tuning  up. 

Let  us  turn  to  the  specific  point  design  aircraft  and  their  vein lion.  In 
1967,  the  point  design  aircraft  had  the  design  shown  or.  Figure  4  with  the  engines  at 
the  rear.  Ihe  percentages  for  structure,  systems,  payload  and  fuel  are  shown  on 
Figure  5.  Tne  gross  weight  was  350,000  pounds. 
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(0)  By  1968  the  configuration  had 
changed  recognizing  the  need  to  separate  the 
tail  and  wring  /Figure  6).  The  inquired 
internal  payload  had  been  increased  to  32 
SRAM's  as  a  pet t  of  the  concept  definition 
and  the  design.  Ihe  primary  variables  in 
these  studies  were  cross  weight,,  range,  and 
payload.  But  due  to  the  many  questions  on 
requirements,  a  large  number  of  trade  off 
studies  were  ac.complishec--some  to  a-ostanti- 
ate  requirements,  others  to  evolve  and  refine 
the  requirements.  Typical  examples  of  these 
aie* 


a)  Landing  gear  flotation  require¬ 
ments  vs.  dispersal  capability. 

b)  Crew  escape  modules  vs. 
ejection  seats. 


c)  Co-board  integrated  test  capability  vs.  ACE. 
d'  hide  quality  vs.  crew  effectiveness, 
e)  Nuclear  hardness  vs.  initial  survival. 


{o'  'h'nce  cost  effectiveness  was  the  prime  objective,  these  studies  concerned 
both  rei  •  ■  e.^ectiveness  in  destroying  a  given  target  system,  and  the  total  system 
cos-..  i  '  difficult  aspect  was  cost.  For  most  of  the  studies  gross  weight,  and 
its  as-ociaced  weight  empty  tere  the  primary  cost  input.  The  point  design  aircraft 
were  use-?  to  do  a  more  complet*.  cost  analysis  which  became  the  base  line  for  the  trade 
off  studies. 


AMSA  - 1968 


EFFECT  OF  CREW  SURVIVAL  SYSTEMS 
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The  results  of  the  crew  escape  study  are  summarized  in  Figure  7.  Alternate 
designs  were  made  with — six  ejection  seats  and  six-man  module  (somewhat  similar  to  that 
in  the  K-ill).  While  the  B-l  has  a  basic  crew  requirement  for  four,  the  training  mis¬ 
sion  will  often  result  in  six  being  on  board,  accordingly  a  requirement  for  six  men 
escaping.  When  these  designs  were  then  inputted  to  the  parametric  study  program  and 
the  aircraft  all  sized  to  the  same  mission  capability  (range/payload) ,  the  aircraft 
with  six  ejection  seats  was  heavier  than  that  required  with  a  module.  Hence,  the  cost 
was  greater  even  discounting  the  added  cost  for  the  module.  The  operating  command  lelt 
that  crew  effectiveness  would  be  tetter  in  the  shirt-sleeve  environment  of  the  nodule. 
The  requirement  for  a  crew  module  was  thus  firmly  established. 

By  1969  thousands  of  configurations  had  been  analyzed  and  detailed  require¬ 
ments  established.  Further,  the  3-52's  were  continuing  to  age.  Accordingly,  the  Air 
Force  requested  Department  of  Defense  (POD)  authority  to  proceed  with  the  B-l.  The 
next  rnase  of  the  preliminary  design  began.  Most  of  the  studies  in  the  concept  defini¬ 
tion  pnase  were  concerned  with  relative  cost-effectiveness.  Real  world  costs  and 
programming  considerations  were  now  injected  into  the  B-l.  Undoubtedly,  some  of  these 
negated  assumptions  made  during  the  earlier  studies.  Efforts  were  made  to  account  for 
all  elements  as  could  be  identified. 

The  concept  definition  phase  developed  a  design — including  most  detailed 
characteristics — responsive  to  the  descrioed  threat,  technical  state  of  the  art  and 
in  accordance  with  earlier  type  programming  ground  rules. 

In  the  fall  of  1969,  the  Air  Force  received  permission  to  proceed  with  the 
8-  1  program.  Requests  for  Proposal  were  issued.  The  program  was  structured  as  a  "Fly 
Before  Buy"  type.  Hence,  the  request  was  limived  to  design,  development,  manufacture, 
and  test  of  five  test  aircraft.  The  three  companies  which  had  participated  in  the 
study  phases  submitted  bids.  North  American  Rockwell  was  selected  in  June  1970  as  the 
Weapons  System  contractor.  General  Electric  was  selected  to  develop  the  engine. 


12  j  FT 


Figure  8 
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The  winning  configuration  is  shown  in  Figure  8.  North  American  Rockwell 
included  many  features  to  minimize  the  size  of  their  airplane.  Tney  proposed  a  4,000- 
psi  hydraulic  system,  a  230- volt  electrical  system,  electrical  multiplexing,  structural 
mode  control  fins,  maneuvering  rocket  control  system  for  crew  escape  module,  and  a  high 
percentage  of  titanium  in  the  basic  structure.  The  design  featured  a  variable  sweep 
wing,  large  horizontal  tail,  and  mixed  compression  inlets  (to  satisfy  the  supersonic 
requirements) . 

When  the  Air  Force  sought  approval  to  proceed  in  the  spring  of  1970,  the 
programming  realities  of  life  further  impacted  the  concept.  fhe  dollars  available 
were  less  than  those  required.  Conditional  approval  was  given;  but  requiring  major 
changes  to  get  within  the  planned  dollars.  It  was  recognized  at  this  time  that  the 
advanced  avionics  assumed  in  all  the  studies  were  beyond  the  available  dcllars  (and 
beyond  ♦he  immediate  requirements).  All  avionics  work  was  stopped — although  the  air¬ 
craft  design  was  to  continue  using  the  advanced  system  definition.  The  assumption  was 
that  existing  avionics  would  fit  within  the  space,  power,  cooling  limits  and  the  air¬ 
craft  would  have  ♦otential  to  take  advanced  avionics  later  in  its  life. 

The  first  major  contractual  task  after  contract  award  was  to  change  the 
design  and  restructure  the  program  to  be  compatible  with  the  existing  and  projected 
money  available.  This  effort  was  named  Project  Focus.  The  changed  philosophy  with 
regard  tc  avionics  has  been  mentioneo.  Other  major  requirements  were  also  re-examined 
in  line  with  money  limitations  rather  than  cost  effectiveness.  Finally,  since  a  con¬ 
tractor  had  beer,  selected  ano  a  specific  design  existed,  mote  detailed  cost,  trade  offs 
could  be  made- -weigh t  was  no  longer  synonymous  with  cost.  The  percentages  of  titanium, 
steel,  and  aluminum  were  varied,  recognizing  their  respective  impact  on  cost.  The 
result  of  this  trade  study  is  shown  in  Figure  9.  It  can  be  seen  that  above  about  20 
percent  titanium  the  unit  cost  increased;  whereas  the  gross  weight  to  do  the  mission 
continues  to  decrease.  Accordingly,  the  percentage  of  titanium  was  dropped  from  about 


As  a  result  of  Project  Focus, 
the  requirements  were  modified  as  shewn 
in  Figure  10.  The  design  gross  weight 
was  increased  (350,370  lbs  to  360,000 
lbs).  The  modified  design  included  other 
refinements--it  is  shown  in  Figure  11, 

The  inputs  from  advanced  technology  had  now 
been  reduced  in  two  key  areas — avionics 
and  materials*  The  reduction  in  use  of 
titanium  was  strictly  due  to  cost.  It 
was  retained  in  critical  areas.  Further, 
the  Norti.  American  Rockwell  concept  of 
Diffusion  Bonding  titanium  ras  retained. 

In  this  san.2  time  period,  a  requirement 
for  fracture  mechanics  was  added  (as  a 
result  of  problems  on  the  F-lll  with  high 
strength  steel  alloys).  This  requirement 
placed  emphasis  on  new  materials  with 
superior  fracture  mechanics  qualities. 
Advanced  avionics  technology  was  not 
entirely  abandoned  since  the  design  was 
required  to  have  a  growth  capability  to 
include  future  all-digital  systems. 


40  percent  to  less  than  20  prreent. 


EFFECT  OF  TITANIUM  PERCENTAGE 
ON  WEIGHT  AND  COST 


WEIGHT 

UNIT 

COST 


Figure  9 


The  aerodynamic  technology  requirements  were  straightforward.  Variable 
geometry  was  a  necessity  and  leaned  hec-.iiy  on  F-lll  development.  The  take-off  dis¬ 
tance  required  a  soph. . treated  flap/sl~t  system.  The  structural  mode  control  system 
was  a  new  approach  to  minimize  bouncing  at  the  crew  station  and  to  'ave  weight. 
Finally,  the  definition  of  the  er.gine/inlet  distortion  recognized  the  high  level  of 
technology  necessary  ir,  this  area.  Shortly  after  Project  Focus  there  was  an  exercise 
involving  program  changes--the  five  flight  test  aircraft  were  reduced  to  three  and 
much  formal  qualification  wort  was  postponed  to  agree  with  the  funding  plan.  There 
still  remained  many  technical  challenges. 
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FOCUS  CHANGES  TO  8-1  REQUIREMENTS 
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•  Supersonic  Distance 
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•  Thrust/ drag  at  SI  0.85M 


Increased  500  Ft 
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Decreased  500  Ft 
Decreased  10% 


Figure  10 
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While  some  of  the  configuration  technical  problems  were  resolved  during 
Project  Focus  (such  as  tail  locatic.'),  other  details  needed  solutions.  These  were 
worked  out  during  early  1971.  The  Preliminary  Design  Review  was  held  in  July  1971  and 
the  Mock-up  in  October  1971.  Thus  by  mid- 1971,  the  configuration  had  finally  settled 
down  to  a  single  basic  design.  From  that  time  on  changes  became  more  cos tly- -drawings 
had  to  be  stopped,  and  with  time,  tooling  changed  and  material  scrapped.  This  third 
phase  has  continued  to  be  dynamic  because  in  some  cases  the  detailed  design  wasn't 
adequate;  in  many  other  cases  it  became  obvious  the  cost  was  greater  than  assumed  in 
earlier  studies--and  hence  some  of  the  features  were  no  longer  desirable.  Further, 
the  emphasis  on  Design  to  Cost  has  continued  to  modify  the  program  concept.  With 
these  changes  has  come  a  different  relationship  to  advanced  technology.  Let  us  examine 
some  of  the  specific  examples  of  this  period. 

The  flap  system  started  out  as  a  double  slotted  translating  design.  Detail 
design  showed  this  to  be  very  complex  and  heavy.  Wind  tunnel  tests  indicated  a  simpler, 
single  slotted  flap  could  be  designed  to  meet  the  requirements.  The  slat  was  extended 
slightly  inboard  resulting  in  high  lift  capability  in  excess  of  requirements. 

The  crew  escape  system  was  proposed  with  a  primary  rocket  motor  and  a  gim- 
baled  (both  axes)  maneuvering  rocket  motor.  The  system  was  simplified  to  one  motor 
design — two  motors  with  one  for  roll  and  one  for  pitch — resulting  in  a  slight  reduction 
i n  low  altitude  adverse  attitude  capability  and  a  big  cost  saving. 

The  formulation  of  the  avionics  package  was  a  major  chore.  Using  the  pre¬ 
vious  program  guidance,  a  suite  of  off-the-shelf  subsystems  (forward  looking  radar, 
stellar/iner tial  platform,  doppler,  terrain  following  radar,  radar  altimeter,  etc.) 
were  proposed  together  with  a  central  computer  complex.  This  approach  offered  much 
flexibility  and  straightforward  growth  to  more  sophisticated  systems.  Proposals  were 
requested  and  evaluated.  Examination  of  them  indicated  that  the  development  would  be 
expensive  and  risky.  Accordingly,  the  computer  was  revised  to  a  modified  off-the-shelf 
version.  Further,  the  offensive  and  defensive  segments  were  separated. 

Before  the  avionics  could  get  started  on  contract,  two  events  occurred: 

(1)  A  complete  reassessment  of  the  iner tial  navigation  requirement  was  requested,  and 

(2)  The  defensive  systems  were  put  into  a  different  category — a  competitive  initial 
phase  to  reduce  both  technical  and  cost  risk. 

The  airplane  design  changes  that  occurred  throughout  this  period  are  summarized 
on  Figure  12. 

The  big  challenge  with  the  B-l  today  is  how  to  use  technology  to  reduce  or 
keep  costs  down.  The  concept  of  'TFly  Before  Buy”  is  fraught  with  problems — what's 
"off-the-shelf 11  today  may  be  out  of  production  tomorrow--when  it's  needed  to  support 
3-1  production.  One  way  to  avoid  excessive  cost  being  charged  for  "off-the-shelf"  sys¬ 
tems  or  sole  source  components  is  to  use  technological  advancements.  In  the  past,  these 
have  normally  been  oriented  solely  to  improve  performance.  Today  the  B-l  SPO  is  working 
closely  with  the  Air  Force  laboratories  to  insure  that  a  number  of  their  developments 
are  "designed  to  cost"  so  that  their  price  is  no  more  than  current  subsystems.  Further, 
significant  improvements  in  reliability  and  maintainability  are  specified.  These  may 
detract  from  the  performance  improvement  that  could  be  ga.ro  i,  but  often  present  a  more 
severe  challenge  to  the  developer.  A  number  of  programs  in  me  advanced  development 
sphere  are  being  closely  watched  for  eventual  incorporation  into  the  B-l. 

One  of  the  first  of  these  is  the  Advanced  Metallic  Stru-  ..res  wing  carry 
through  (WCT)  box.  TWo  concepts  of  WCT  are  being  designed  and  evaluated — one  will  be 
built  and  tested.  This  box  is  being  designed  to  the  B-l  dimensional  and  structural 
requirements.  By  using  advanced  materials  and  concepts,  a  significant  cost  reduction 
(as  >»ell  as  weight  reduction)  is  expected.  Further,  the  Air  Force  will  have  an  option 
so  that  this  technology  may  be  incorporated  into  later  B-l's. 

In  the  avionics  area,  a  new,  cheap,  highly  reliable  inertial  platform  is 
under  development.  The  B-l  avionics  subsystem  is  being  designed  so  that  the  inertial 
unit  may  he  easily  changed.  If  this  development  is  successful,  it  will  offer  improved 
performance  at  lower  cost. 
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Figure  12 

Another  avionics  area  still  of  interest  is  that  of  computer  controlled  radars 
(using  phase  shifters).  The  Air  Force  has  an  advanced  development  program  for  such  a 
radar.  By  using  advanced  technology,  it  is  expected  that  a  single  forward  looking  radar 
with  electronic  scanning  can  replace  the  present  forward  looking  radar,  terrain  follow¬ 
ing  radar,  and  doppler  radar.  The  new  system  will  be  nuclear  hardened,  be  much  simpler 
mechanically,  and  have  considerably  better  reliability.  This  one  development  Thus 
offers  a  cost-effective  alternative  to  three  current  systems.  The  major  difference  from 
the  earlier  advanced  development  program  is  the  emphasis  on  "Design,  to  Cost." 

The  B-l  management  is  extremely  interested  in  the  Air  Force/NASA  Transonic 
Aircraft  Technology  program.  This  program  is  developing  and  testing  a  supercritical 
wing  for  the  F-lll.  The  supercritical  wing  thus  offers  growth  performance  capability 
(through  higher  cruise  spends)  and  possibly  reduced  cost  through  a  simpler  wing  struc¬ 
tural  design.  The  variable  sweep  design  makes  it  easy  to  switch  to  a  new  wing  panel. 

From  the  above  examples,  it  should  be  evident  that  the  B-l  program  is  vitally 
interested  in  lew  technology  programs.  The  "Fly  3efc>re  Buy"  concept  poses  many  prob¬ 
lems  in  restraining  cost  when  proceeding  into  the  production  program.  New  technology 
offers  an  excellent  alternative  to  existing  hardware  which  has  gotten  expensive. 

Ihe  first  3-1  airplane  is  going  to  fly  next  year.  Subsequent  aircraft  will 
incorporate  new  features--to  reduce  cost,  to  improve  performance.  As  problems  are 
uncovered  in  the  test  program,  new  technology  .rill  be  used  to  help  solve  them. 

In  looking  back  at  the  B-l  Concept  Definition  and  Preliminary  Design  phases, 
what  lessons  would  be  considered  most  useful  for  future  prograrts?  First,  the  program 
effect  on  cost  may  invalidate  many  early  preliminary  design  trade  offs  and  conclusions. 

The  remedy  to  this  is  to  limit  the  extent  of  integration  of  this  design — keep  cleaner 
interfaces — propulsion,  airframe,  avionics,  and  weapens--and  provide  specified  engineer¬ 
ing  type  reserves  in  these  areas.  Second,  recognize  that  technology  can  neip  reduce 
costs--particularl y  it  properly  motivated.  Results  on  the  B-l  indicate  this  is  a  new 
and  promising  discipline.  It  ir.  challenging  because  an  inadequate  data  base  ercists  in 
toe  cost  aiea.  Engineers  need  to  study  and  quantify  the  needed  cost  inputs.  They  must 
work  closely  with  ortin>ati:g  personnel  an  order  to  properly  guide  the  thrust  of  technolcgyt 

When  one  considers  that  the  B-l  is  20  years  newer  than  the  B-52,  it  is  a  real 
bargain — technology  has  been  used  to  improve  performance  and  reduce  cost.  The  B-l  has 
twice  the  payload,  three  times  the  altitude  spe*d,  half  again  the  sea  level  speed  and 
the  same  range  capability  of  the  8-S2.  We  will  continue  to  need  technological  break¬ 
throughs  tc  hold  the  price  down. 
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SUMMARY 

Tlie  commencement  and  success  of  a  new  program  are  virtually  impossible  unless  the  predicted  system  cost  constitutes  a  step 
improvement  over  existing  designs.  The  concepts  proposed  in  this  paper  for  very  large  airplanes  stress  lower  speeds  (M  =  0.65)  as  the 
key  to  lower  system  cost.  This  speed  leads  to  airplane  designs  with  fewer  and  simple:  parts.  The  lower  cost  of  parts  is  further  enhanced 
by  the  predicted  reduction  of  engineering  changes  resulting  from  the  simpler  designs.  Designing  for  adaptability  to  a  wide  range  of 
missions  without  compromising  the  initial  program  is  the  other  fundamental  feature  of  low  xist  system  design.  It  reduces  the  invest¬ 
ment  for  new  applications  and  spreads  the  original  investment  over  a  larger  production.  The  application  of  the  proposed  design 
principles  is  illustrated  with  existing  and  proposed  aircraft  designs. 

INTRODUCTION 

Over  the  decades,  the  costs  of  new  airplane  programs  have  been  escalating  for  a  number  ot  reasons.  Worldwide  inflation  has 
played  its  part,  but  a  parallel  proliferation  of  requirements  has  acted  as  an  even  more  significant  cost  booster.  Our  increasing  knowledge 
and  the  computer  have  made  it  possible  to  analyze  phenomena  that  were  bareiv  known  to  exist  in  earlier  d„ys.  Increasing  cost  end  the 
need  to  reduce  program  risks  call  for  more  and  more  safeguards,  analyses  and  tests.  This  positive  feedback  loop  further  aggravates  the 
outlook  for  future  program  costs.  To  justify  the  higher  cost  product,  the  designer  is  forced  to  press  for  .more  performance.  This  acts  as  a 
second,  positive  feedback  loop,  further  increasing  costs  and  calling  for  more  safeguards  against  even  minimal  nsks.  The  resulting  cost 
trend  is  illustrated  in  Figure  1 .  This  cost  trend  applies  to  military  and  commercial  programs.  Parallel  with  this  cost  escalation  has  gone 
a  reduction  in  military  program  starts  as  shown  in  Figure  2 


vutj 


Flpurt  2.  N«w  U.S.  Military  Program i 


It  appears  that  reversing  tls  trend  of  increasing  cost 's  a  necessary  step  to  get  a  new,  large  airplane  program  started.  Unless 
the  predicted  system  cost  and  predicted  return  or.  investment  show  quantum  jump  improvements  over  existing  systems,  the  new  program 
simply  wili  not  happen. 


In  figuring  out  the  return  on  investment,  total  system 
cost  must  be  considered.  The  total  system  cost  is  composed  of 
development  cost,  acquisition  cos;  and  operating  cost.  Expensive 
systems  are  often  advocated  and  justified  on  the  basis  of  savings 
in  later  operating  costs.  Discounting  of  future  costs  and  benefits 
is  used  to  compare  systems  on  the  basis  of  present  value.  The 
principle  is  illustrated  in  Figure  3.  Discounting  favors  systems 
with  low  acquisition  costs.  Low  initial  investment  also  has  a 
strong  emotional  appeal. 

The  need  to  reduce  program  costs  applies  equally  to 
commercial  and  military  systems.  In  the  latter,  operational 
capability  takes  the  place  of  return  on  investment.  A  favorable 
ratio  of  operational  capability  to  total  life  cycle  cost  is  essential 
to  a  healthy  national  economy  and  a  strong  national  defense.  The 
next  section  presents  some  technical  concepts  that  appear  to 
have  the  potential  to  significantly  lower  development  and 
acquisition  costs  for  new.  very  Urge  airplanes. 

LOW  COST  CONCEPTS 


Identification  of  the  sources  of  high  costs  necessary  if  a  significant  cost  reduction  u  to  be  achieved.  Past  cost  investigations 
conducted  by  The  Boeing  Company  have  yielded  the  picture  shown  in  Figure  4.  It  may  come  as  a  surprise  to  some  that  management 
action  taken  after  program  go-ahead,  when  less  than  three  percent  of  the  eventual  program  cost  lias  been  spent,  can  influence  the  total 
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program  cost  by  twenty  percent  at  the  most  Tie  program  cost  is  largely  determined  by  the  time  the  market  is  identified  and  the 
airplane  concept  formulated.  Figure  .*  illustrates  the  leverage  management  has  on  the  unit  cost  of  a  mature  program.  While  the  foregoing 
charts  were  derived  from  commercial  programs,  the  principles  illustrated  apply  equally  to  military  programs. 


MAIXit  IO*NTinC£TIOM 


Figure  4:  Cor*  Managmvrt  of  a  Typical  Commercial  Program 
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Figure  5:  Management  Leverage  on  Cost  of  Mature  Program 


The  market  for  the  very  large  airplanes  considered  here  is  caigo,  military  and  commercial.  The  former  includes  weapons 
carriers  (ankers  anu  simtiar  aircraft  Speed  has  been  a  major  driving  force  in  the  design  of  passenger  aircraft  and  will  possibly  continue 
to  be  High  speed  is  not  a  factor  in  the  cargo  market,  military  or  commercial.  Competition  and  comparison  in  the  cargo  market  involve 
other  transportation  modes  truck,  railroad  and  ship.  An  hour's  difference  in  transcontinental  block  time  or  comparable  variations  over 
intercontinental  distances  are  irrelevant  by  comparison.  Productivity,  however,  is  very  important,  and  it  is  affected  by  speed.  It  will  be 
shown  that,  ;n  the  speed  range  proposed,  the  gain  in  payload  fraction  overpowers  the  effect  of  lower  speed. 

The  absence  of  speed  as  a  driving  force  is  the  basis  for  the  airplane  concepts  expounded  m  the  next  paragraphs.  Their 
common  denominator  is  a  cruising  speed  of  approximately  M  =  0.65.  It  will  be  shown  that  selection  of  this  cruising  speed  not  only 
reduces  development  and  acquisition  costs  but  additionally  lowers  the  operating  costs. 

When  we  examine  the  reasons  for  lower  development  and  acquisition  costs,  we  find  that  underlying  all  other  effects  are  the 
simpler  aerodynamics  resulting  from  the  slower  speed.  The  wings  can  be  straight  anu  i.k  fuselage  a  simple  shape.  Thicker  airfoils  and 
blunter  bodies  are  acceptable.  The  flow  is  generally  streannvise  and  simple  tailoring  of  c  emponents  is  possible. 

Frontal  area  is  less  critical  than  at  higher  speeds,  making  it  possible  to  provide  sufficient  space  for  all  systems  and  components. 
These  facts  add  up  to  fewer  conflicting  constraints  on  the  airplane  designer,  to  greater  design  s.mphcitj  and  to  more  freedom  in  selecting 
design  solutions  for  I  'w  cost  Figure  6  depicts  the  weight  trends  as  functions  of  speed,  the  higher  payload  fraction  achievable  at  lower 
speeds  makes  the  airplanes  less  sensitive  to  operating  empty  weight  variations 

The  fundamental  simplicity  of  the  ai'piane  designed  for  the  slower  cruise  speed  is  illustrated  in  the  exploded  view  of  Figure  7. 
Its  major  characteristics  are  straight  wing,  cylindrical  fuselage,  all  identical  propulsion  installations,  all  identical  landing  gears,  no 
leading  edge  devices,  simple  hinged  flap,  symmetrical,  all  moving  horizontal  stabilizer  without  separate  elevator  sutfaces. 


Figurt  6:  V*/*  t  gh  t  Tftndr 


Fijur*  7:  Concept  Simplicity 


Intuitively,  wc  ail  fec(  that  simplicity  must  be  reflected  in  lower  cost,  but  do  thr  facts  bear  this  out’.  It  can  be  shown  that 
there  are  solid,  factual  reasons  why  simplicity  does  reduce  cost.  Referring  nack  to  Figure  7.  it  i>  apparent  that  there  arc  fewer  diflerent 
parts  in  the  simple  design  Fewer  differert  parts  means  fewer  tools,  fewer  setups,  smaller  inventory  and  less  paperwork.  A  larger 
quantity  ->f  identical  parts  propulsion  or  landing  gear  components  for  example  means  lower  cost  because  o.ie  moves  down  the  learning 
curve  moi.  rapidly.  The  cumulatr  e  effect  expected  on  cost  is  illustrated  in  Figure  S. 

Similarly,  one  w  juld  exr  *ct  simpler  parts  to  cost  less  than  complex  parts  While  this  is  undoubtedly  true,  the  direct  effect 
hecomcs  relatively  small  *  nh  today’s  fabrication  and  machining  methods.  The  md.rect  effect,  however,  that  there  are  fewer  errors  in 
simple  designs  than  in  complex  ones.B  very  significant. 

rV  combination  of  fewer  parts  on  which  to  make  errors  and  simpler  parts  with  fewer  errors  pzi  part  leads  to  a  significant 
reduction  of  changes  o'<  the  production  floor  The  effect  cf  changes  on  manhours  is  shown  in  Figure  *>  This  is  uhc*e  the  real  cost  saving 
due  to  simplicity  occurs. 


Figure  8:  Effect  of  Part  Count  on  Con 


Figure  9:  Effect  of  Design  Changes  on  Production  Manhours 
of  Model  727  Aircraft 


Indicative  of  the  escalating  development  costs  are  the 
wind  tunnel  hours  accumulated  on  past  progmns.  Figure  10 
shows  that  the  wind  tunnel  hours  spent  in  development  nave 
climbed  from  less  than  a  thousand  on  the  Modal  314  Clipper  to 
over  15.000  hours  on  the  747.  This  trend  ran  be  reversed  with 
the  proposed  mode  -te  speed  concepts.  Tie  Compass  Cope 
remotely  piloteo  aircraft  that  made  its  first  flight  this  summer 
had  less  than  100  wind  tunnel  hours  prior  to  first  flight  As  util 
be  shown  later,  it  embodies  some  of  the  important  concepts 
proposed  here. 

Successful  airplane  programs  of  the  past,  military  and 
commercial,  have  all  been  characterized  by  the  adaptation  of  the 
basic  design  to  a  multiti.de  of  different  missions.  This  wasas  true 
of  the  DC-3  as  it  is  tru-  of  die  C-130  and  the  707.  tAade-ate 
speed  design  concepts  enhance  this  adaptability.  Fusare  1 1 
illustrates  how  one  basic  i  resign  adapts  to  the  roles  ot  cargo 
airplane,  liquid  natural  gas  transporter,  missile  earner,  tanker  and 
sea  control  airplane. 


Figure  ftk  Wind  Tunnel  DeveSooment  Haurj 


Where  Figure  I !  illustrates  now.  the  same  basic  airframe  can  he  adapted  to  ditfc  em  usnen.  Figure  1.  shows  how  ..  ime  oi 
the  same  basic  components  can  be  combined  with  othi d.  Keren.  components  to  make  up  new  configuration*  Bs  ,tian*.ng  tU  ju. 
tl.  _  land  plane  can  convert  to  a  sea  pin  c  t  or  amphibian  i  w  ith  many  components  remaining  practically  unchangeu  By  extending  _‘ie 
center  wmg  span  and  by  adding  to  me  constant  section  iusekja.  length,  the  basic  1  I  miihon  po.*nc .  A-e.igin.  airplane  can  oOv  ;c  a 
million  pound,  6-engme  airplane,  identical  landing  gears  a nu  propulsion  installatium  are  ,iu„.  .  ..  vupport  an*.  ,,,jwer  the  fifty  uer*eni 
larger  airplane. 
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Figure  11:  Minion  Adaptability 


Figura  12:  Componsm  Adaptability 


PRODUCTIVITY 


in  the  preceding  paragraphs,  we  have  presented  some  of  the  reasons  why  moderate  speeds  shook  masc  it  ,o  keep  the 

development  and  acquisition  costs  of  new.  large  airplanes  down.  Low  „ost,  however,  „msiiutes  only  one  luif  of  ch»  picture  Tin  othei 
half  has  to  do  with  productivity,  expressed,  for  example,  by  ton-mites  per  airplane  pe;  .eai  a,  a  range  payload  misandi.  or  in  ton -hours 
per  year  m  an  endurance  mission,  such  as  airborne  alert.  Payload  capability  anu  jesigr.  cruise  speed  determine  the  pivrfuctiv.ty  per  fug;., 
hour  Utilization  enters  as  an  additional  factor  in  the  determination  of  force  size  required  to  accomplish  a  specified  task 

Figure  13  shows  how  airplane  productivity  has  .ncreased  over  the  yeim.  by  a  factor  ter,  over  the  pas  menty  years  alone 
Increased  productivity  and  lower  operiung  costs  have  more  than  offset  the  highei  ueveiopnicni  and  acquisition  costs  of  today  s 
airplanes.  The  question  of  how  the  -ana lion  in  cruise  sr  red  will  affect  the  productivity  ul  vers  laigt  airplanes  is  answered  in  F igi.rcs  1 4 
and  15. 
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3:  growth  of  Airplane Productivity 
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Figure  14:  Military  Cargo  Minion 


For  ;»*•  „,i  mi-range  rassion  or  -igure  14.  a  range  of 
'tifiO  cHJtical  tines  j  .vloaJ  density  of  15  pounds  per  cub,., 
ion!  fixed  fie  met  and  riejit'e-  ‘  manes  name  ,  :our 
50  O00  pound  ini«t  '  ar s  w  e  assumed  for  au  assigns 

V.'iti-  these  j'si.-  r.itici"  the  airplane  des.gr  has  beer,  optimized 
:i>r  each  aruiss-  Mach  >u  -user.  Mod-rate  *ing  sweep,  Mgh  verng 
loading  and  multiple  sic  tu-d  high  lif>  drvi.es  were  used  &  the 
high  cruise  Mach  '-umber-  N'o  wine  ->s.-ep.  tow  wing  loading  and 
no  high  hit  uevi.es  characterize  the  designs  fot  the  lowest  M3ch 
numbers  Body  volume  is  increasing  with  decreases  Mach 
lumber  A  similar  design  optimization  was  followed  for  'he 
endurance  mission  ol  Figure  *  5  In  this  case,  the  XUb  nautical 
-ule  range  was  replaced  with  a  20  hour  endurance  equipment 
These  curses  show  that  productivity  non  mile/das  peaics  at  0.6 
te-  0  Mac*-  number.  niit  that  ler  enduranc.  .iussioip.  pavAnad  is 
still  increasing  at  lower  Ma'h  ni  mbers  The  relative  imp 
of  lire  range-payload  and  the  ei  durance  missions  affect  the 
choice  o*  a  -  ilti-mission  desigr  These  urs  io  jther 
-onsuieiations.  would  imply  the t  spec  1  ccv ol  0.05  art 
required  lor  mihtarv  missirv'c  o  -  -  the  pay  load  *  —  .  the 

endurance  t\  pe 

JPhKATIVi  COSTS 


Operatr  -  costs  of  military  -,stc r  are  composed  of  personnel  cost,  vctroleum-oil  lubneant  cost  and  depot  maintenance.  The 
■-ery  large  airplan-  -t  gh  productivity  minimize,  he  number  of  aircraft  required  to  do  a  given  job.  This  has  a  major  impact  on 
operati”,.  _  c  i.  ausc  ’red  -..cs  the  personnel  cost  fht  .ugh  productivity  with  a  given  propulsion  installation  implies  a  high  ton-mile 
•'nil".  ■'  1  ra.__ ,  ifiui  affecting  the  second  opcriiing  factor  favorably  Lastly,  the  reduced  part  count  and  simple  components 

'^te-speed  airplane  should  remit  a  iwaced  uaanteaanue  manhours  per  flight  hour.  The  actual  data  plotted  in  Figure  16 
suppl  y  ih.  sgn-.c-t  Thu  not  !>  lowus  npyrafng  costs,  it  aiso'has  the  cumulative  effect  of  increasing  the  average  aircraft  availability 
anc  juiira  t*”-  ith  a  corT«punding  decrease  m  the  __ztber  of  airplanes  required  to  produce  the  desired  transportation  effort. 


Fisurrie  Effte1  o»  Speed  or.  rigur.  17:  Comf»»  Cop. 


APPLICATION  OF  PkINCIPLFS 

In  the  nreiedyng  sectimis  v-cosi ..  -  -pis  have  been  developed  and  explained,  In  this  section,  application  of  these  concerts 
to  executed  and  proposed  rirplaucs  s  c  -crib- 

The  fust  example  is  C  orapass  Co,  -hr  -i  in  Figure  1  .  a  remotely  piloted  vehicle  Boeing  has  built.  While  not  a  Urge  airplane 
in  tnc  context  of  this  diseussian  !  appears  *  *h  mentioning  here  hecuu  «ame  the  concepts  advocated  for  large  airplanes  have  been 
appueo  to  this  vchi  :lr  Cost  *a  .  rara-  ai  tance  on  this  program,  and  the  search  fee  low  cost  solutions  led  to  the  development 

of  some  o!  the  con  pts.  Twr  design  icatur.  aj  p-  worth  mention, ng  .he  constant  chord,  unswept  center  wing  and  the  U-tail. 
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The  constant  chord  center  wing  was  selected  for  the  prototype  io  simplify  wing  construction  and  landing  gear  design.  An 
additional  consideration  'a  as  the  case  with  which  span  and  wing  area  could  be  modified  later.  It  was  found  desirable  near  the  end  of  the 
preliminary  design  phase  10  increase  the  gear  tread  by  six  feet.  This  was  accomplished  with  no  disturbance  in  the  design  effort  by 
increasing  the  center  wing  span. 

The  L  ‘in  was  selected  because  :t  was  possible  to  predict  its  characteristics  analytically.  A  V-taii  would  have  offered  some 
operational  advanu  -s  but  was  rejected  b  tause  it  would  have  entailed  running  blown  nacelle  wind  tunnel  tests.  Selection  of  proven 
solutions  kept  the  dev  -lopment  cos*  low 

The  next  example,  shown  in  Figure  18,  deals  with  a  study  conducted  for  NASA.  A  carrier  aircraft  for  the  Space  Shuttle 
Orbiter.  The  use  of  such  a  carrier  aircraft  is  an  al.  ernate  concept  to  equipping  the  shuttle  orbiter  with  removable  airbreathing  engines 
for  flight  test  and  ferry'  missions.  Ost  «'h  be  th;  deciding  factor  in  the  ultimate  concept  selection.  The  effort  to  keep  the  carrier 
aircraft  cost  low  is  illus,rated  by  the  extensive  u.e  made  of  existing  747  parts  off  the  production  line.  The  center  body  portion  is 
modified  to  permit  attachment  of  the  liiiin  wing.  A  new  straight  center  wing  section  is  used  to  join  the  two  fuselages  and  to  suspend  the 
orbiter.  The  center  wing  has  neither  leading  edge  nor  trailing  edge  devices.  The  cost  for  two  such  carriers  could  be  low  enough  to 
warrant  serious  consideration  by  NASA. 


Figure  18:  Space  Shuttle  Carrier  Figure  19:  Larje  Resource  Transport  Airplane  Concept 


The  lesource  carrier  shown  in  Figure  19  emanated  from  a  study  sljrlcd  in  early  1971  It  was  designed  as  a  single-purpose 
defeated  airplane  io  transpo-i  cn/dr  oil.  natural  gas  and  valuable  minerals  from  the  source  in  me  C  anadian  Arctic  across  the  permafrost 
lo  a  location  where  conventional  means  of  transportation  (pipeline,  railroad  or  ship)  would  take  over  The  twelve-engine  transport  with 
a  gross  weight  of  5.55  million  pounds  designed  fo;  a  nominal  range  cf  500  nautical  miles  carries  a  payload  of  2.32  million  ;■ — nds.  a 
payload  weight  fraction  of  05  pcrcr-nt.  All  the  concepts  proposed  earlier  m  this  paper  were  applied  lo  this  airplane 

•  Straight  wmg  with  symmetrical  structural  box 

•  Identical  engines,  nacelles,  and  struts 

•  Identical  landing  gear  and  doors 

•  Identical  diainetei  of  fuselage  and  payload  pods 

•  Unsvvept.  symmc'rical  stabilizer 

•  No  leading  edge  devices,  simple  flaps 

Cost  projections  made  al  the  time  of  the  study  indicated  that  a  transportation  system  incorporating  this  airplane  could  deliver  crude  oil 
and  liquid  natural  gas  al  pr.ces  competitive  with  or. tic  pipelines  for  oil  and  gas 

Very  large  aircraft  such  as  the  arctic  u source  carrier  depend  on  the  spanwisc  distribution  of  fuel,  payload  and  binding  gear  for 
their  structural  efficiency  The  straight  wing  becomes  fundamental  in  this  case  sin.  e  i!  accommodates  me  requ.red  number  of  landing 
gears  in  line  at  the  opl  mal  longiiudin-l  position  The  spanwisc  distribution  of  the  landing  gears  on  such  very  laige  aircraft  leads  to  gear 
treads  'hat  cannot  be  accommodated  on  today’s  airport  taxivvays  Such  very  large  aircraft  are.  therefore,  initially  limited  lo  specialized 
tasks  with  specially  des-ened  landing  fields 

The  airplanes  shown  in  i‘ic  next  figures  are  in  the  1 .2  million  pound  class  and  are  compatible  with  existing  ground  facilities. 
Tile  basic  model  of  the  airplane  is  the  land-based  missile  earner  shown  in  Figure  20.  ll  is  characterized  by  a  double  deck  fuselage,  with 
weapons  bays  forward  and  aft  of  the  wing  box  on  the  lower  deck  flic  upper  deck  provides  space  for  mission  control  center  and  crow 
accommodations 

Tlic  tanker  shown  in  Figure  21  uses  the  same  airframe  Used  in  conjunction  with  the  missile  carrier  shown  previously,  long 
'erm  airborne  alert  of  strategic  deterrent  forces  is  povsiiile.  Rapid  resupply  of  overseas  forces  with  fuel  is  possihle  using  a  tanker  with  an 
offload  capability  of  this  size 

The  ocean  surveillance  and  sea  conlrol  airplane  of  Figure  22  once  again  uses  the  same  airframe.  The  weapons  bays  hold 
jtili-ihipping  missiles,  torpedos  and  sonohuoys  the  upper  deck  accommodates  mission  conlrol.  communications,  electronic  warfare  and 
other  mission  related  equipment  and  operators  station.  The  long  range  and  long  enduraroe  of  this  airplane  make  possible  dispatch  into 
distant  waters  and  extended  loiter  in  operational  areas 

Fhe  addition  of  a  swingnoxe  and  the  elimination  of  the  bomb  bays  convert  the  basic  airframe  to  a  cargo  airplane,  as  shown  m 
Figure  2  :  flic  fuselage  .rose  section  with  its  !  2-loot  radius  upper  and  lower  lobes  can  accommodate  48  S  x  8  x  10  foot  containers 

At  a  design  range  of  *900  nautical  miles,  the  payload  vanes  from  466.000  pounds  (low  density  cargo.  289-foot  fuselage 
lengtn  i  to  528.000  pounds  (high  densitv  cargo,  205-fool  fuselage  length) 


Figure  20:  Misttle  Carrier 


Figure  21:  Aerial  Tanker 


Figure  22:  Cargo  Airplane 


Figure  24  shows  a  highly  specialized  liquid  natural  as  earner.  The  pa.,  lord.  674.000  pour  is  of  liquid  natural  gas  at  cryogenic 
temperatures,  is  earned  in  the  fuselage  and  in  wing  pods.  Interaction  between  structural  wing  box  and  cryogenic  tanks  is  thus  avoided. 

A  vanation  of  the  ianubased  missile  carrier  of  Figure  20  is  the  amphibian  missile  earner  shown  in  Figure  25.  It  uses  the  same 
wing,  empennage,  propulsion  installation  and  cockpit  as  all  the  other  airplanes,  but  for  obvious  reasons  it  requires  a  totally  different 
fuselage  The  amphibian  missile  earner  can  use  e’.istmg  bases  but  it  has  the  advantage  over  landbased  designs  that  it  can  loiter  th  an 
almost  unlimited  dispersal  ai  minimum  expenditure  of  fuel  Its  capability  to  sit  on  any  large  body  of  water  gives  the  system  an  extended 
post-attack  rundown  time  T1  is  makes  a  contiolled  response  to  an  attack  feasible,  a  desirable  feature  of  a  strategic  deterrent  system. 


Ftpure  24.  LkjukI  Natural  3ax  Carrier 


Figure  25;  Amphibian  Motile  Carrier 


CONCLUSIONS 

Designing  latge  airplanes  for  cruise  speeds  of  appmximateH  Mach  *  0  c>5  is  a  prerequisite  to  low  cos!,  very  large  airplanes 
The  large  payload  woght  fraction  ucluevahte  with  oven  m*tal!ed  thrust  at  the  lower  speeds  makes  the  produ  tivity  of  the  airplane  less 
seii.a  to  small  variations  sr.  structural  weight 

1  he  xasic  ajrodynann*  flow  characctrstics  at  M  =  0.65  permit  configuration  solutions  combining  simple  component  parts 
with  nigh  acroi  « "attic  and  so  .ctursl  The  'otal  effect  of  simplicity  k  a  major  reduction  of  development,  acquisition,  and 

operating  costs 
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ABSTRACT 

The  design  process  for  conceptual,  preliminary,  and  detailed  design 
of  aircraft  is  discussed  with  emphasis  on  structural  design.  Problems  with 
current  procedures  are  identified  and  improvements  possible  with  an 
optimum  man-computer  team  using  ir-tegrated,  disciplinary  computer 
programs  are  indicated.  Progress  toward  this  goal  in  aerospace  and 
other  industries  is  reviewed,  including  NASA  investigations  of  the  potential 
development  of  Integrated  Programs  for  Aerospace- Vehicle  Design  (IPAD). 
The  benefits  expected  from  IPAD  lead  to  the  conclusion  that  increased  use 
of  the  computer  by  a  man-computer  team  that  integrates  all  pertinent 
disciplines  can  create  aircraft  designs  better,  faster,  and  cheaper. 


INTRODUCTION 

Current  requirements  to  produce  technica'ly  superior  aircraft  at  lower  cost  force  the  generation 
of  optimized  designs  of  greater  technical  depth  in  less  time  than  in  the  past.  Automation  of  the  design 
process  via  computer-aided  design  systems  that  integrate  ail  the  perti.i.-nt  disciplines  can  provide  a 
solution  to  this  problem.  La  this  paper  I  w>ll  present  a  philosophical  discussion  of  why  we  should  auto¬ 
mate  the  design  process,  how  far  we  have  come,  and  where  wi  should  be  going.  It  is  the  result  of  several 
years  of  observation  and  participation  ir.  the  automation  of  analysis  and  design  of  aerospace  vehicles, 
particularly  on  structures. 

This  paper  starts  with  a  discussion  of  the  current  design  process  and  suggests  the  needs  and  payoffs 
from  automation.  Brief  definitions  cf  design  automation  and  integrated  r.omputer-aiued  design  are 
included.  Then  the  nature  of  the  design  process  is  reviewed  and  followed  by  a  description  cf  progress 
already  made  toward  automated  design.  Some  additional  steps  toward  greater  automation,  now  in  the 
planning  stage,  are  described  and  their  potential  benefits  are  indicated.  Finally,  a  few  concluding 
remarks  are  presented . 

The  opinions  presented  in  this  paper  are  my  own  and  do  not  necessarily  reflect  those  of  NASA. 
Because  of  my  personal  experience  in  structures,  the  discussion  will  be  biased  toward  structural  design, 
but  the  total  aerospace  vehicle  design  process  will  be  considered. 

THE  NEED  FOR  AUTOMATION 

mterest  in  computer-aided  design  is  a  logical  consequence  of  the  increasing  cost  and  complexity  of 
aerospace  vehicles  and  systems  and  the  related  increase  in  the  size  of  design  staffs  and  in  the  complexity, 
cost,  and  time  required  for  design,  Reference  1.  One  of  the  factors  contributing  to  both  development  and 
unit  cost  is  the  cost  of  design,  which  is  increasing  as  illustrated  in  Figure  1.  The  cost  of  manpower  and 
computer  time  required  in  a  typical  airplane  company  for  designing  one  pound  of  aircraft  structure  is 
plotted  against  calendar  year.  It  shows  that  w?  are  paying  about  four  times  as  much  today  for  manpower 
as  fo."  computer  time .  Is  this  the  best  use  of  our  available  resources?  I  think  not.  Computers  should 
have  a  larger  share.  If  these  trends  continue  for  about  a  decade,  expenditures  for  structural  design  will 
be  equally  divided  between  men  and  computers,  However.  I  believe  the  trends  will  change  and  total  design 
costs  will  grow  less  rapidly  as  we  make  more  and  barter  us'  of  both  men  ar.d  computers.  Hopefully, 
total  costs  could  level  off  or  turn  downward  in  the  future,  bin  this  is  unlikely. 

Another  aspect  of  design  that  affects  vehicle  cost  is  illustrated  in  Figure  2  where  planned  and  actual 
vehicle  costs  are  plotted  against  time  to  design  and  manufacture  a  prototype.  The  vehicle  cost  increment 
is  duc  to  untimely  engineering  that  produced  results  toe  late,  caused  out-of-sequence  and  repeated  work, 
and  resulted  in  unnecessary  m;uiufac ‘uring  changes.  The  cumulative  eflect  is  a  magnified  cost  increment. 
Untimely  engineering  occurred  because  some  phases  of  the  design  process  did  net  go  into  adequate  tech  - 
nicai  depth  and/or  because  human  limitations  to  deal  with  the  volume  and  complexity  of  information 
involved  were  exceeded.  A  strong  need  exists  to  reduce  human  activity  by  providing  some  computer 
assistance  on  all  .outine  functions  and  to  use  computerization  to  add  greater  Uchmca!  aepth  and  optimiza¬ 
tion  in  the  early  stages  of  design  where  basic  concepts  are  selected. 
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De  concept  CC7  tel  qu'il  est  presents  actuelleoent  consists,  au  atode  de  la  conception  d'un 
r.cuvel  avion,  b  tenir  conpte  des  possibility  offertes  par  quatre  systccea  j 

-  stability  artificieile  j 

-  repartition  des  charges  en  sanoeuvro  s 

-  antiturbulence  t 

-  antiflotteaent. 

Fn  realitd,  le  concept  CC7  doit  8tre  conpris  dans  un  sens  beaucoup  plus  large  ;  cette  philoso¬ 
phic  peut  se  resuner  ainai  t  profiter  des  demieis  prbgres  teohnologiques  de  l'dleetronique  (fiabilitd  et 
nir.ie  turxoatior,  en  particular)  et  utilxser  d«3  types  nouveaux  de  gouvcrr.cs  de  faqon  h  satisfeire  au  aieux 
le  conproais  performance,  qualltds  de  vol,  durce  de  vie,  prix. 

One  des  consequences  de  cett«  philosophie  est  l'eJ-andon  des  exigences  de  stability  "naturelle" 
de  I'avior  (stebilite  statique  et  stability  de  structure,  c'oot-a-dire  absence  dc  flottesent  dans  le 
ducaise  de  vol). 

Doit-on  en  consequence  order  un  regie-rent  nouveau  pour  les  nviqns  conpus  selon  les  principes 
CC7  1  Telle  est  ia  question  a  laquelle  nous  nous  efforcerohs  de  re pondre. 


SCKKABT 

The  C.C.V.  concept  and  specifications 

The  C.C.Y,  concept,  as  defined  at  present,  consists  in  taking  account,  at  the  design  stage  of  a 
nev  aircraft,  of  the  possibilities  offered  by  four  aystens  > 

-  static  stability  coapensaticn, 

-  sanoeuvre  load  control, 

-  active  ride  control, 

-  active  flutter  control. 

Actually,  the  3.C.7.  concept  bhould  be  understood  in  a  such  vider  context  }  this  philosophy 
could  be  sunned  up  as  s  to  take  advantage  of  tho  cost  recent  technological  progresr  in  electronics  (e.g. 
reliability  and  niniaturi ration)  and  to  sake  use  of  new  types  of  control  actuators  in  order  to  satisfy  at 
best  the  compromise  between  performance,  handling-qualities,  lifetime,  cost. 


One  of  the  consequences  of  this  philosophy  is  the  abandonment  of  the  aircraft  "natural'*  stabi¬ 
lity  requirements  {static  stability  and  structure  stability,  l.e.  a't>-  -nee  of  flutter  in  the  flight  range). 

Should  *e,  therefore,  write  new  specifications  for  aircra* t  designed  along  the  G.C.7,  concept? 
That  is  the  quesvion  that  ve  shall  endeavour  to  answer. 


Tin  gestation  tepiis  queloues  erases,  le  concept  CC7  et  son  equivalent  Srenqais,  1* integration 
des  ays t ernes,  quitteront  bient8t  le  dossiae  des  speculations  et  de  la  recherche  pour  8tre  reellement 
utilises  pour  la  conception  do<5  avions  a 'arcs  de  la  proehaiae  generation  et  en-portie  du  coins  pour  1* 
conception  dea  future  avions  de  transport. 

Utilises  jusqu’i  present  sur  dea  avions  paresert  expdriser.tauz,  let  systbees  CCV  n’dtaiCnt  pas 
aseujettis  a  d'autres  regies  de  rdCSrite  que  celles  habituellenent  en  vigaeur  sur  ce  type  d'appareil  ou. 
les  risques  de  panne  ou  de  ddfail lance  soat  coapesses  par  dea  rfegles  d'emploi  et  de  saintenance  particu- 
lleree  (pilotes  d'essais  entratris,  eeeuie  radio  per  des  specialistes,  bonne  sdteo,  guidage  possible  sur 
des  terrains  de  aecours,  trafio  aerien  local  neutralisable,  euregistresent  permanent  des  divers  para- 
nitres  de  fonct-ionnecent  ct  ratification  des  syatbaos  entra  e'-acue  vol,  etc.). 

Par  centre,  Ibrsaue  cee  systhnot  seroat  utilises  our  avinu  d'nme  05  sur  avions  de  transport, 
ils  devront  satitfaire  h  dee  regie*  precises  permettsnt  de  3’assurer  cue  le  niveau  de  sdeurite  que  l'on 
est  en  droit  d'attendre  suC-  les  avions  tU  cette  generation  n'en  est  pas  dintnud.  C'est  olors  cue  se  pose 
1#  probltee  do  la  rdclenen ration  anolieable  qux  R"ior »  b*tia  sur  TeD  principes  CC7.  Derrcns-nou?  sodifier 
les  KIL  SPEC  e?85  B  et  83300,  l'AU*!!D  577,  1'AvP  970,  la  PAH  25  ou  le  TSS  3  pour  tenir  ccapte  do  ces 
nouveaux  syetbaes  ?  Telle  est  la  question  a  laqualle  nous  nouo  efforceron*  ici  de  fournir  une  rdpense 
apr'.n  f.-roir  ddgagd  les  prinoipes  de  base  du  CC7. 

3ien  souvent,  le  concept  CC7  est  presents  cocne  l’utilisati  >n  de  quatre  systbees  pnneipaux 
perttett?-',  d#  s*>  libdrer  d'un  certain  nosbre  de  con  train  tes  au  assent  de  la  conception  d'un  ncuvel  avion. 
Ces  ou».  :re  systTaes  sont  * 

a)  la  #i»bilit<  artificielle  ^aircraft  ctr-tic  stability  ccsspensation)  j 

b)  le  syatbso  an ti turbulence  ^active  ride  control)  ; 

c)  le  systbsse  de  reduction  des  chargee  en  sanoeuvre  (sanoeuvre  loan  control)  1 

d)  le  systbae  antii'lottesent  (active  flutter  control). 


Le  aysttee  de  stabilitd  artificielle  peraet  d'una  pert  de  se  libdrer  pertielleae:  t  du  problbaa 
d*  centrage  au  soscat  de  la  concaption,  d’autre  part,  de  reduire  la  disension  des  espennages  et  la  trai¬ 
nee  d‘equilibrage.  ~  "  - 

IS  systbne  antiflottenent  autorise,  eoase  le  aysttee  de  reduction  des  charge#  en  oanoeuvre,  une 
dlcinution  de  la  aas3e  do  structure. 

Enfin,  le  systbne  antiturbulence  rdduit  la  fatigue  de  la  structure  et  aal-liore  le  eocfort  de 

pilotage. 

L*utilisation  de  ces  quatro  systeaes  sur  bonbardier  ou  avion  de  transport  pernet  d*obtenir  dee 
gains  inportants  en  ce  qui  coneerne  la  uasse  au  ddcollege  et  done  la  puissance  instance  (jain.de  Basse 
de  structure,  gain  de  trainee  done  de  Basse  de  combustible).  Par  contra,  le  concept  CCV  appliqu^  aux 
avio ha  de  chasse  conduit  k  l’utilication  de  systfcnos  soit  diffdrenta  soit  analogues  aaiu  conduisont  b  des 
gains  pour  des  raisons  diff  creates. 

C'est  ainsi  cue  1‘adjonction  de  gouvernes  de  portance  direete  et  de  force  laterals  percet 
d’accioitre  la  snnoeuvrabilit-5  de  i  'avion  e"  combat  et  rend  les  assiottes  partielleaent  inddpendantes  de 
le  trajectoire  (amelioration  de  la  platefotne  de  tir).  La  stability  artificielle  percet  de  reduire  les 
surfaces  d*empensage  et  de  ruduire  les  trainees  d'equilibrage  en  manoeuvre,  ce  qui  augsente  le  fecteor  de 
charge  maximal  cquilibre.  Isooeie  k  ce  dernier  systbme,  le  systeme  eutlflotteaent  pernet  de  desainer 
1* avion  liose  sans  so  coucier  du  problfene  des  charges  exterieures  (I’edjonction  ae  ckarges  externes  en 
general  reculc  le  centrage,  avanee  le  foyer  et  reduit  la  vitesse  critique  de  flotteaent). 

En  prrnant  un  peu  de  racul,  la  philosophic  de  base  du  CCV  parait  en  definitive  Itre  la  suivante 
"reduire  au  hieux  la  masse  au  d4collage  et  la  puissance  inntallee,  e'est-a-dire  reduire  les  coflts  d*un 
projet  tout  en  obtenant  des  performances  donnue3,  eh  oubliant  quelques  fudjug^s  ou  habitudes  qui  content 
gdnoralement  cher". 

Aatrencnt  dit,  consevoir  un  avion  sur  ce  principe  revient  * 

-  1  no  pas  s*  inposer  a  priori  la  stability  naturelle  (stnbilite  cutour  du  centre  de  grnvj  tt,  stability  de 
la  structure,  e'est-a-dire  non  flottoscnt  h  I’interieur  du  doraine  de  vol)  ; 

-  i.  creer  des  gouvernes  nouvelles  pour  rependre  a  des  besoins  riouveaux  (antiflottencnt,  portance  direete, 
forco  laterals,  repartition  dec  charges  en  manoeuvre,  etc.)  ou  des  ij&uverner  dont  les  defauts  rddhibi- 
toires  peuvent  #tre  ccnpensea  par  le  systbae  do  stability  artificielle  (gotrrerne  canard  par  excnple)  } 

-  a  accepter  1' utilisation  de  chalnes  de  comcandea  eleetriques  et  des  cosnandes  pilots  nouvellea  (aicro- 
sanipulateur)  } 

-  a  presenter  au  pilote  des  informations  nouvelles. 

Kous  pouvons  ctee  ajouter  a  cettc  liste  le  suitiplexage  de3  informations,  c*est-a-dirc  la 
transmission  de3  inforcations  par  des  baries  omnibus  au  lieu  de  circuits  specialises. 

Quels  eont  les  points  pour  lesquels  les  probltece  de  se'curite  vont  alors  se  poser  ? 

Le  premier  point,  le  plus  Evident,  est  Is  problbme  de  fiabilite  les  sys tones.  Le  deuxibme  est 
celui  des  qualites  de  vol  qui  ooat  ihfluencees  par  l’apnarition  de  gouvernes  nouvelles,  de  eosnandes 
pilote  nouvelles  et  is  nouveaux  syotemes  de  presentation  des  informations. 

Hegardons  tout  d’abord  le  probleae  de  la  fiabilite  dec  systenos. 

Bn  ce  qui  cone erne  les  chotees  de  coasaades  dlectriquea,  nou3  nous  txuuvons  aujourd'hui  dans 
une  position  analogue  a  celle  ou  nous  etions  il  y  a  une  vingtaino  d’anndes  au  corsent  ou  l*on  envisageait 
de  ne  plus  lier  aocaniouehent  le  ranehe  et  le  paloimier  aux  gouvernes  et  a  cospter  unique: :ent  sur  une 
transmission  hydraulique.  II  Tout  nuannoihs  reconnaitre  que  nous  sonnes  caintecaut  dans  une  situation 
beaucoup  plus  favorable  pour  sauter  le  pas  car  nou3  disposons  da  bases  bien  plus  solides  qu* alors  en  ce 
qui  conceme  les  etud«3  de  fiebilite.  Bar  aillcurs,  les  rcglenents  deja  nodifids  pour  pottvoir  accepter 
la  transnission  hydraulique  pure  pourront  ?trc  facilenent  adaptes  a  la  transmission  dlectrique.  Le  5SS  3 
et  les  KXL  SPEC  8735  3  et  85300  qui  xeposent  sur  les  c*nes  principes  de  base  ne  fsisant  pas  d’hypo these 
a  priori,  sur  la  fiabilite  des  C73 tones  n’ont  pas  h  ftre  nodi fids.  Par  contre,  des  ns th odea  de  ddnonstra- 
tion  de  conforaite  devront  8tre  -ists  au  point  de  f&qon  k  obtenir  une  d&onstratioa.  satisfaisante  de  la 
fiabilite  du  systene.  Happelons  uno  foie  ae  plus  qu'ausune  demonstration  globule  de  fonctionneuent  reel 
en  vol  ne  oeut  fournir  la  reoonoe.  II  s’cgit  en  effet  de  denohtrer  des  probabilites  de  panne  de  I'orcre 
do  10  a  10  *  par  heure  de  vol.  Or  la  denonstration  d’ur.e  probahilitd  de  panne  inferieure  it  10  par 
heure  avee  im  niveau  de  confiance  d#  0,9  exigo  un  fonctionneaent  pendant  2,3.10“  heures  sahs  rcncontrer 
la  panne,  dc  3,9.1C°  heures.  an  regcontrant  une  fois  seuloaent  la  panne,  de  5,3.10°  heures  en  reneon trant 
detur  fois  aeilccent  la  pannes  etc.  11  eat  done,  otric.terent  intosrible  ds  denontrer  directescnt  10-  ou 

7  -  ■  y  j 

10  On  ne  peat  attoir.dre  erpdrinentalesent  que  dea  probabilitds  de  1‘nrdre  de  10  li  10  par  heure. 

3n  consequence,  on  ne  peut  estinor  la  fiabilite  du  ays  ihs.e  conplet  que  par  le  calcul  foned  srn  la 
redondenne  d’eldnehts  dont  la  prababilitd  de  panne  de  I’ordre  de  1(W  est  dfaontree  erpdricentalement. 
Encore  faut-il  prendre  gardb  h  ce  que  la  redosdance  des  systescs  respecte  l’indcpendance  des  elemints  ; 
or  deux  eldnenta  iscw  d-'une  e?ne  chain e  de  fabrication,  sousis  a  le  ctse  asbiance  pcuvent-ils  ftrs 
considdres  cesne  roellenent  inddpendants  1  L’espSrienee  a  rontre  qu*il  n*en  dtait  rich  et  que.  la  probabi- 
litd  de  la  panne  sisultanee  de  deux  ol&tntc  est  hettaaent  super! sure  au  carre  de  la  prohabilitd  de  la 
aiaple  panne  (par  posse  ticulthheo,  hou3  entendsns  panne  de  deux  el&ents  au  ceuts  d*un  else  vol).  hem 
progrtrs  resarquables  de  la  siniaturisation  eh  dlectronique  autoriccrst  une  cultiplieation  dea  chaises, 
circuits  et  systenes  beaucoup  plus  iepertante  cue  celle  eoace7able  aetuellewnt  sur  laa  ayatiaes  c«ca- 
niques  et  hydrauliques  ;  nais  la  solution  n’est  peut—gtre  pso  dans  la  redondsnee  de  noabreux  syat&sea 
identiques  nais  plut8t  dans  !• utilisation  de  plusieurs  choices  parallelas  resplissast  la  ntee  foaction 
(ou  pour  quelques  vaes  resplissast  la  ngre  lenction  cais  sisplifiee),  Cora trui tea  sur  dea  principes,  des 
och&n3  et  des  technologies  differestes  et  instances  boss  des  nartica  diffdrentes  de  l’avion.  Cette 
rcthode  a  pour  but  de  rendre  le»  chaises  rdellesent  indsper.dantes  et  par  ailleurs.de  dlninuer  la  tulhfes- 
bilitc  doe  avions  d’arse. 

Sous  venons  de  rappclcr  qua  la  demonstration  de  fiabilite  nc  poavait  lire  obtenue  directesent 
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par'des - C3sais  en  vol  des  prototypes  ou  av'ons  de  prdsdrio.  S'en  ddduison'a  eependont  pas  que  les  essais  en 
vol  soieat  inutilee  j  aprls  1000  ou  2000  heures  de  vol  d'sssais  sans  incident,  il  est  inpossible  de  conclure 
directeaent  qua  la  fiabilitd  des  syotbces  est  auffisante  ;  c'ect  par  contre  la  seule  ndthodo  pour  verifier 
le  fonctionneaent  anaabiance  r^elle  de  ehseun  des  ays t ernes  et  d'en  dvaluer  la  probability,  de  panne.,Kais, 
setsle  1' analyse  thdorique  de  la  faqon  dont  les  systbses  dl&entaires  cooFosent  le  ayottee  coaplet  pemet 
de  conelure  quant  k  le  fi&bilitd  de  l'enaenble  k  partir  des  estinations  des  probabilitds  de  pannes  <$lenen- 
taires  obtenues  au  banc  d'essai  et  confim4e3  par  les  essais  en  vol. 

Bien  entendu,  ces  aethodes  d'analyse  de  la  f lability  .'ont  pao  attendu  le  concept  CCV  pour  Ctre 
etudides  et  d6reloppees.  En  particulier,  la  certification  de  Concorde  repose  en  granae  partie  aur  ces 
cathodes  ;  rappelono  par  exeople  que  Concorde  vole  en  aupersonique  a  un  centrage  qui  recdrait  l'ovion 
in3tsble  en  vol  subsonique.  11  est  bien  Evident  que  pour  accepter  qu'un  avion  vole  a  un  centrage  pour 
leqsicl  l'apprbche  et  l'atterrissage  sont  iapossibles,  il  faut  ddnontrer  que  la  probability  de  panne  du 
systbne  de  tranafert  de  combustible  est  raisonnoblenent  faible  (la  probability  d'une  seule  panne  inter- 
disant  le  retour  au  centrage  subsonique  au  cours  de  la  vie  de  l'ensccble  des  avions  en  service  doit  ?tre 
suffisaanent  faible  pour  que  cet  yveneaent  puisse  8tre  considyry  coane  inprobable). 

Il  n'en  restc  pas  noins  nycessaire  d'aayiiorer  les  ndthodea  d'analyse  sur  de  nenbreux  points  s 
recherche  systfoatique  des  cas  critiques,  rdduction  des  tenps  de  calcul,  estination  deo  probabilityc 
yienentnires  (calcul,  essais  en  simulation,  essais  en  vol)  etc.,  toutos  ces  recherches  etant  destinees  k 
bdtir  de3  ndthodts  plus  sCres  de  d&sonstratiosi  de  conformity  au  regleaent. 

Arant  de  passer  aux  probltaes  poses  par  les  quail  to  a  de  vol,  une  deraibre  renarque  s' inpose  en 
ce  qui  conceme  le  niveau  de  probability  de  panne  A  exiger  des  diffdrenta  sys tines  afin  d'obtenir  un  niveau 
de  sdcurity  global  acceptable  pour  les  avions  civils  et  nilitaires  et  unc  probability  raisonnable  de  rdusalte 
de  la  aiseion  pour  les  avions  nilitaires. 

Studious  tout  d'abord  le  cas  des  avions  siliteires. 

Il  est  parfaitenent  adnis  actuellecent  dq  perdre  quelques  appareils  d'une  flotte  par  suite  d' in¬ 
cidents  interdisar.t  la  poursuite  de  la  nission  (panne  de  rdacteur  sur  ncno-sotcur,  panne  totale  du  circuit 
hydraulique  d?s  servo-cocmandes,  etc.)  dans  la  nesure  toutefois  ou  le  pilote  dispose  de  noyens  lui  laisjant 
unc  chance  raisonnable  de  ne  pas  Sfrre  tue  dans  la  catastrophe  (e'est  ainsi  que  les  pilotes  de  certains 
chasseurs  conoreacteurs  ont  la  conslgne  de  s'yjecter  en  cas  de  panne  de  noteur). 

Le  choix  du  niveau  de  f lability  du  systene  CCV  peut  alors  se  faire  de  la  fa?on  ^uivente. 

Bn  systene  CCV  "de  principe  ',  e'est-a-dire  conportant  les  circuits  nininaux  reaiinant  les  reac¬ 
tions  CCV,  pemet,  a  performer ces  donates,  de  rdduire  la  nasse  do  structure  at  la  quantity  de  carburant 
necesaaire  a  la  nission  ;  il  en  rysulte  un  gain  global  de  x  %  sur  le  prix  d*ach3t  et  le  cole  d' exploitation 
d*  chaque  avion  (par  colt  d* exploitation,  nou3  ohtendons  les  deceases  necessaires  au  fenctionnenent  de 
chaque  avion  pendant  toute  la  duree  d' exploitation  de  ce  type  d'appareil).  Si  ncus  andliurons  la  f lability 
du  syctbne  CCV  en  augneatant  la  redor.dance  des  divers  circuits,  il  ant  bien  dvident  que  nous  aagnentons  la 
prix  d'achat  de  chacue  avion  ainsi  que  son  colt  d' exploitation  (augnentation  dc3  heures  de  naintenasce  des 
systene?).  Ainsi  le  gain  par  rapport  a  1'avion  classique  dininue  alors  que  la  fiabilite  des  syntbnes 
augnente*. 


Par  ailleurs,  k  toute  probability  V  (par  houre)  de  panne  du  systene  CCV  conduisont  a  la 
perte  de  1* avion  correapondent  des  probabilites  Qv  d’avoir  er.tre  o  et  v.  partes  d'appareils  pour 
une  flotte  de  H  avions  oxycutant  chacun  n  heuros  de  vol.  En  prenant  G*.  =  0,99  on  a  une  bonne  estina¬ 
tion  du  nonbre  k  de  pertes  par  panne  du  sys t bee  CCV  que  l'on  p'-it  raisoanablenent  esconpter  observer 
pendant  la  durde  d* exploitation  de  la  flotte  (oh  a  une  chance  sur  cent  set  lecent  C  observer  un  nersbre  reel 
d'accidents  superieur  A  *  ). 

Si  V  est  la  probability  de  panne  par  houre,  la  probability  de  non  accident  au  cours  des 
&  heures  de  vol  de  1’avion  e3t  1>-V)'  et  la  probability  d'accidcnt  ?*•■».-  ”Zt  •  Ainsi  la  probabi¬ 
lity  Qn  d'avoir  entre  o  et  K  accidents  pour  S  avions  ic  la  flotte  est  : 

^  Qw,  ~£  c i?'" 1 " 

Lorsque  le  produit  jf est  suffisanrent  grand,  une  bonne  approxiaation  du  nonbre  V-  corres¬ 
pondent  h  une  valeur  donnde  de  0.x,  est  donnde  par  s 

W  k  .  \ 

V  dtant  deteminy  pur  *  y 

C  a  1 

Or*  -j  '7===  ^trX'  (loi  noraale) 

(pour  <3*.  «  0,99  t  V  -  2,3264  et  pour  <3*  m  0,5  ;  X  =  0) 

Pour  fixer  les  erdres  de  grandeurs,  regardons  la  loi  a(  V)  correspondant  h  “  0,99 

pour  une  flotte  de  1000  avions  devnnt  effectuer  chacun  5000  heurea  de  vol  (le  calcul  a  6te  effeetue  avec 
la  foroule  1  pour  y  <,  10-®), 


•  -  Il  faut  prendre  garde  en  effeefcuant  Ot  bilan  A  ne  pes  cublier  les  a=6liorationc  du  systene  d’ejection 
qui  peuveht  ae  rev6 ler  ndceesairea  (sibge  xero  tiro  par  exenple  qui  n'ast  pan  indispensable  sur  un 
aultisoteur  classique)- 


Qw  *■  0,99 


V 

i-,-T 

10*4 

5.10-5 

ISi 

5.10"6 

to-6 

5.10”7 

1C"7 

gjg 

lO-8 

k 

430 

252 

65 

37 

11 

7 

3 

* 

_ 

l— _ 

Pour  voir  1* influence  de  Q«.  sur  ce  rdsultat,  donhono  ^galenent  les  lols  ^  (  V'l  pour  =■  0,5 
(une  chance  sur  d<yvx  d*avoir  plus  de  V.  pertos)  et  Gt*  s  0,999  (use  chance  sur  cilia  d’ avoir  plus  de 
Vl  pert 03)  (po ur  <!«.  =  0,999  •  >  =  3,0902). 
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II  resocrt  dc  wo  chiffres  cue  1 ‘objectif  de  fiabilite  pour  le  systbce  CC7se  situe  raisonnable- 
ner.t  au  voisinagc  de  10"“  :  I  >  de  pert e  est  acceptable  par  les  equip’ ces  our  le  plan  psychologique  dans 
la  cesurc  cu  la  p-obabilitc  de  peric  ce  1* equipage  lui  n?ne  act  beaucoup  plus  faille  (d*ou  le  problbce 
de  la  fiabiliti  du  aystbao  a'ejecticr.)  ,  Hen  entendu,  eet  objectif  n'est  vaiablc  que  si  le  gain  global 
at  dfl  au  systems  CC7  est  suserieur  £  t  Si. 

Or,  il  feat  reconnoitre  que  pour  aiteindre  une  probability  de  panne  de  to-6  par  heure,  il  est 
ndeessaire  de  tripler  les  sy3teaes*  (wa*  -’.vons  vu  plus  haut  que  l*on  •gout  tout  juste  atteindre  eipdri- 
scntalecest  des^  probability.'’  as  systbwtis  djUlioat/xircs  de  l’ordre  de  10  5  .  pour  d&ontrcr  cue  est 
inferieur  &  10  ,  il  faut  done  plus  dc  io-^z  cystbces  independants}. 


Il  n’est  done  pan  evident  que  le  ooSt  d«  systcaa  CC7  aissi  eonqu  autorise  un  gain  global 
superieur  h  1 


Sn  ce  qui  concerr.e  les  avions  civils,  le  produce  sc  pose  de  fagon  eifisrente  car  il  o’agit 
dart  ce  cas  d’ assurer  la  security  de  passagern  payantc  n’ayant  rs.3  la  possibility  d?ev8cuor  X'av i«s  on 
cas  do  panne  totals  du  systece.  Par  ailleurs.  un  avion  civil  est  destine  i  ccconplir  un  noerrs  d'beurca 
de  vol  beaucoup  plus  important  cu’ur.  avion  nilitairc,  oe  i’ordre-  de  30  Cuu  au  lieu  de  5000. 


Actuellesent,  l*objeetif  de  liability  global  in  peso  par  les  regleaents  civils  est  d«>  l*ordrt>  de 

10  par  heure  (pour  leu  avions  de  la  generation  en  service  aujourd{hui  sur  les  lignes  aerleasiss,  la 
probability  de  panne  catastrophique  est  plutCt  do  l'ordre  de  10~®  pa"  heure).  Voyons  h  coabien  d>-  catsc- 
trophes  cola  conduit  pour  une  flottc  dc-  1000  ovions. 

Pour  n  =  30000  heure3  ;  K  =  1000  ;  V  ~  10"*^  ;  on  obtiont 
pour  Qk  »  0,5  k  =  30 
J3*  =  0,99  V  =  42 

Ov.  =  0.999  W=50 

,  *r 

Pour  n  30000  heures  ;  Ha  1000  ;  p  =  10  '  ;  on  obtient 
pour  Qk  -  0,5  V  s3 

Qs  -  0,99  ^7 

0,999  V>  9 


*  -  Leo  circuits  hydrauliquos  no  sent  generalencnt  que  doubles  nais  il  faut  reconnoitre  qua  les  construe- 
tours  ont  ateunule  an  grand  nonbre  d’esperfences  en  vol  persettont  de  aieux  qualifier  la  fiabilite  de 
ces  systtees  et  quo  les  regies  dc  I’art  assurant  la  Constance  de  ce  niveau  de  fiabilite  sent  as in te¬ 
nant  solidecent  etablies. 
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On  voit  quo  l’objectif  &  10  reprdaen to  encore  une  perte  -ipconptdo  de  7  aviono  aur  1000  en 

service.  XI  eot  cependant  diffio.-le  pour  I’instant  d'exiger  une  ficbixit*  des  cyathcus  007  conduiaanl  k 
une  probability  eldcentairo  infdrieure  h  10-7  j  ii  n’y  a  poo  de  raioon  de  denander  plus  k  se  ayatkae 
nu'aus  cystkaes  clasoiques.  Notre  propoa  eot  tout  au  pluo  de  nontror  que  l'objectif  k  10“7  raisonnable 
our  le  plan  faxsability  pom-  la  ddcennie  k  7onir  n'e3t  qu'une  otape  aono  la  reoharche  de  la  security 
(l’accroinsaseat  de  aleurite  doit  d’ailleuro  dan3  une  prenikre  ytape  veair  plus  de  I'andlioration  de  la 
navigation  et  «>;  pilotage  au  ddcollage,  en  approche  et  k  l'atterrisaage,  que  de  1' trad Iteration  de  la 
fiabilite  deo  oyatknes,'. 

Nous  venons  de  voir  quelle  doit  8tre  la  probability  do  panne  conduisont  k  une  catastrophe. 

Cet  objectif  est  valable  pour  le  systeae  de  connande  yiectrique  ou  le  systfene  de  stability  artifieielle, 
nais  la  ponne  de  chacun  des  systkaeo  CC7  n’a  pao  toujours  dea  ccnr>yquencee  cataatrophlques. 

II  est  evident  que  lea  pannes  du  systkne  antiturbulence  et  du  systkse  de  r y partition  dea  charges 
en  saneeuvre  dune  la  ceoure  cu  elleo  ne  aettent  pas  en  enuse  la  sdcuriti  ineddiate  par  ua  braq.iage  intem- 
peotif  de  gou vane  rendant  1' avion  incor.trSlnble  n'ont  pao  de  consequences  graves  puiaque  ces  dispositlfa 
ont  pour  soul  but  d'andliorer  le  contort  ou  la  duree  de  vie  en  fatig-u?  de  1' avion.  Dea  chaineo  air, pies  sont 
done  parfaltanent  acceptables  du  seul  point  de  vue  adcurite  (par  Conor..,  dea  considdrations  de  confort  en 
exploitation  ou  de  reuosite  de  mission  operationnelle  peuvent  a^enor  k  andliorer  la  fiasiiite  du  syrsteae 
anti turbulence) . 

En  ce  qui  concerne  5«  systeae  entiflottenent,  on  oerait  tentd  de  concluro  repldecent  k  fxiger 
une  liability  du  n8ne  ordre  que  cells  dea  systkees  de  coatandes  electriques  ou  de  stability  artifieielle. 

11  faut  en  reality  tenir  conpte  deo  conditions  d’eaploi  d*iui  tel  systkne.  Sur  un  evion  de  trans¬ 
port  civi.,  le  systkne  nntiflotteaent  peut  8tro  utilise  pour  repouoaer  la  vitease  critique  plus  loin  dans 
le  doncine  peripherique,  autrenent  dit  auioriser  le  vsl  avec  une  aarce  reduite  par  rapport  k  la  viteare 
critique  de  flottenent  natural.  Dans  ces  conditions,  une  catastrophe  ne  peut  ae  preduire  que  e’il  y  a 
penetration  dans  le  donatne  peripherique  nu-delk  de  la  vitease  critique  naturelle  et  penne  aiault&nye  du 
systkne  antiflottenont  pendant  l’excur3ion.  la  probability  de  catastrophe  est  done  le  produit  de  la 
probability  d’ excursion  et  da  la  probability  de  panne  dr  systkne.  Conpte  tenu  ce  la  faible  probability 
d’oscursion  ei  du  faible  tenps  pesod  au-delc  de  la  vitesse  critique  naturelle,  la  probability  de  panne 
du  sye fcene  peut  8tre  relativeaent  elevue  (-se  1* ordre  de  1  Q~'*  a  10-4).  Ca  problkae  e3t  trfer  voiain  de 
ce..ui  renevntre  pour  tous  les  diapo3itifs  ce  security,  destinds  a  fonctionner  dais  le  donatne  pdriphd- 
rique  crane  par  exersple  le  "sticK  shaker"  ca  le  "click  pusher'. 

¥ar  contra,  le  systkne  entiflcttecent  pent  6tre  aaeud  but  avion  d’arne  k  foncti-  mer  k  l'intd- 
rieur  nSne  du  cocaine  autorisd.  la  fiabil:'  td  eaig&e  dependra  cette  foi3  des  consequences  u.  la  panne  :  si 
cette  c  resequence  en  eot  le  declenchecent  d’un  flottenent  explosif,  il  est  bien  dvident  que  la  probability 
de  panne  doit  St  re  de  1’ ordre  de  celle  exigSe  pour  le  aystknc  de  connandes  electriques  ou  le  systkae  de 
stability  artificiello  ;  par  contre,  si  le  dlspooitif  est  destind  a  conbattre  un  flottenent  dft  k  la 
presence  da  charges  extdrieurea,  le  problkae  pout  se  poser  d.-  faqon  differente  ;  ce  type  de  flottenent 
est  en  gdndral  relativecent  cou  ot  peut  laisser  suffisaaaent  de  tenps  k  un  dispoaitif  de  odcuritd  pour 
larguer  les  charges  extdrieurea.  Dans  ces  conditions,  Ik  encore,  une  flubilite  rdduite  du  ayetlne  peut 
8tre  acceptee. 

Venons  en  c3intencnt  au  deuxikne  point  intdresaant  la  security.  Consent  le  concept  CCV  peut-il 
reagir  sur  les  exigences  do  quelites  de  vol  ou  plus  '"xactenent  sur  les  exigences  do  pilotabilitd. 

u;obJeetif  general  de  toute  exigence  de  p' lotabilite  est  donnda  par  le  TSS  3  t 

"1* avion  doit  avoir  d«3  caracteristicuss  do  pilotabilitd  suffisanaent  bonnes  pour  que  l1 execution  de 
cheque  sous-ps.'se  et  des  canoeuvre-a  qui  8*y  rapportent  ne  aoit  pas  trop  difficile  'a  fatigsnte  po<c- 
I'oquipage  conpte  tenu  de  la  duree  de  3a  nous-phase  et  dc  3a  probabi,litd  de  l'f  -at  de  l*avioa  et  de 
l’dtat  de  l’atrscsphore.  Autreaent  dit,  l'enscnble  des  aotivitis  physiques  et  nentales  necessaires  k 
l'execution  de  chaoae  sous-phase  ne  doit  pa?  entrejner  do  fatigue  excessive  pour  1' equipage  de  fspon  k 
liniter  les  risques  a'erreur  de  ^ugecer.t  et  lea  rioquc3  de  fausses  canceuvres". 

2n  ce  qui  cor.ceme  les  connandes,  le  TEsi  5  prdoise  que  "tout*  eanipalatioa  de  coaaandes,  con- 
force  au  nanuel  do  vol,  doit  pouvoir  se  feire  sens  gdne  excessive  pour  1* equipage.  En  particulier,  les 
efforts  entrair.es  par  la  aanipoiation  autorisee  des  ccncaides  ne  doivent  pas  8tre  trop  grands  conpte 
tenu  de  1'enplacenent,  de  la  fome  et  de3  linens  ions  des  connandes  ain3i  qua  de  3a  durde  d'appiication 
de  cos  efforts.  Cela  s'epplique  aussi  aux  effsrts  apparaissant  sur  les  connandes  k  la  suite  de  la  nani- 
pulation  d'un  selecteur  lors  d'un  ciiangenent  de  configuration  affichee." 

Ces  principes  de  base  etar.t  degages,  deux  nethodes  de  decor.atrntion  do  conforaity  scut  alors 
proposers  : 

-  la  cathode  classiqr.e  cue  l*on  retrouve  do  fagon  seusiblenent  yquivs3.inte  dans  toys  les  reglerents  (les 
exigences  different  quant  a  leur  severity  suivant  qu*eil«3  provtennent  d’un*  todsif '.cation  nilitaire 
ou  d’ijn  rfeglenent  de  certification  civile  ;  en  effet,  un  rkgleaent  civil  a  pour  seu.  objectif  la  aycu- 
rit4  des  personnos  transportees  ou  survoloeo  VUors  qu’une  specification  nilitaire  a  pour  objectif  non 
cei’lec.-nt  la  security  calo  dgalenent  la  bonne  efficscite  dc  la  niosion)  j 

-  une  sd-hode  bosee  sur  1’ evaluation  ie  la  charge  •!©  travail  par  une  echelle  du  type  Cooper-Harper. 

Hegardons  tout  1* coord  consent  la  nothode  classique  peut  s’appliquer  sux  evions  bfitis  sur  les 
principes  CCV. 

Qua t re  types  de  specifications  de  pilotabilite  sont  exigea  » 

a)  dea  specif f cations  de  stability  { 

b)  la.5  specifications  concerr.ent  la  re  posse  de  1' avion  aux  coenandas  j 

t',  des  iqwoifications  relatives  aux  efforts  aux  corcsandes  (efforts  caxinaux  et  possibility  d’annulation)  ; 
d)  leu  sv;  deifications  concernant  lee  effets  des  c3:engenests  de  configuration  cur  le  cosportesent  gynerel 
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de  1‘ avion  (trsjoctoire,  attitude,  efforts  aux  coaaandea). 

Ha  ce  qui  concerns  1*8  exigences  de  stability,  il  n'y  a  aucun  probl  bne  b.  lea  appliquer  b  un 
avion  CC7.  la  senile  difficult^  pourralt  provanir  de  la  justification  des  exigences  da  stability  elles- 
atses  cans  le  cus  des  phases  de  vol  ou  la  vi tease  evolue  reletiveoent  rapideaent  }  ce  caa  est  prdvu 
dans  le  K5S  3  «aie  les  cethcdes  de  ddnonatration  de  oonforxlte  ne  sont  pas  encore  au  point  ;  ee  problbme 
i:,dtsr..t  pas  ep-Jnifiqueasnt  CC7,  nous  1*  traiterons  par  ici  (il  est  trait d  en  particulier  au  aein  du 
'‘a-ndling  quality  cons-lttea"). 

De  z6sec  les  specifications  concemant  l'effet  des  changenents  de  configuration  s:appllquent 
san3  difficult^  au  CCV.  Il  est  h  prdvoir  d'ailleurs  qu’il  sera  relativeaent  plus  fscllo  de  satisfaire 
ces  exigences  dans  le  cas  du  CCC  j  la  modification  des  positions  d’dquilibre  des  gobvernes  lors  de  la 
sortie  du  train,  des  volets,  des  bec^  des  adrof reins,  etc.  pent  4tre  plus  facilesent  ncdui.de  en  tenant 
coapte  des  conditions  do  vol  (viteoso,  altitude,  masse  ot  centrage)  du  fait  que  lea  gouvernes  sont 
conaandee3  dlectricueser.t  ;  seul  se  pose  le  problbne  de  fiabiiitd  de  la  conjugaison. 

Par  contro,  les  lois  d'effort3  sur  les  miorouanipuloteurs  devro.it  faire  l'objet  d’dtudes  pour 
tenir  coapte,  coase  nous  I’avons  prdcisc  plus  haut,  des  dimensions  da  In.  fc-.rae  et  de  I'eaplacenent  de 
ces  coaaandes.  Des  etudes  au  siaulateur  et  en  vol  doivent  poreettro  de  rdsnudre  facileueni  cc  problbne. 

Sn  definitive,  c’est  dans  le  doaaine  de  la  rdponse  de  1'av ion  aux  coaaandes  que  les  problbae3 
les  plus  ddlicots  font  se  poser  dans  la  nesure  toutefois  ou  le  • ilote  dispoeera  de  comnande3  particu- 
libres  pour  aotionner  des  gouvernes  non  classiques  conae  la  gouveme  de  force  Interfile  et  la  gouverne 
Jo  portance  directe.  3ion  entendu,  ci  le  pilote  dispose  des  commandos  classlcuos  de  roulis,  lacet.  tan- 
gage  (nSme  sous  force  d*  a  micrcmanipulateur  reproduisant  les  fonctions  du  nanehe  et  du  palonnier),  les 
exigences  clnosiques  s*appliquent  telle3  audios  car  1«  pilote  n'c  pas  h  navoir  si  Res  ordres  sont  dlrec- 
tement  transais  b  des  gouvernes  classique3  ou  si  son  action  sur  la  commands  pro’  o que  Is  braquage  conjugud 
de  piusicurs  gouvernes  j  c'est  bien  d'ailleurs  le  cas  uctuelleaent  pour  la  ccsvsande  de  gouchissesent  qui 
pout  acticnner  avec  des  taux  de  conjugaison  differents  suivant  lea  conditions  -it.  ■•o',  divers  dlevons  et 
spoilers. 

Il  est  cependent  possible  d'envisager  deux  coaaandes  partieulieres  rour  fig.'.r  sur  les  gouvernes 
de  force  latdrale  et  de  portance  directe,  ou  plus  oxaetenent  pour  order  une  fore*  Interfile  et  une  force 
de  portance  peratttnnt  d'agir  sur  la  trejectoire  sans  aodifier  1'incidence  et  It  de-apage.  le  pilote 
abandonne  olors  le  aicronanipulateur  et  le  pilote  autosu.tique  transparent  maintiezit  le  ddrapage  nul  , 
les  ailes  "horiscntales”  et  1'incidence  a  la  valeur  recomnandde  pour  cette  phase  de  vol  (approche, 
attaque  au  sol,  etc.).  Le  pilote  agit  sur  un  deuxibae  sicrosanipulateur  dont  les  deplaceaents  "verticaux" 
et  "lateraux"  font  varier  portance  et  force  latdrale  et  pernettent  d'agir  sur  la  trajectoire.  Cost  dans 
ce  cas  que  doivent  isperntivement  8tre  fournios  au  pilote  des  ir.fornations  concernant  sa  trajeetoire, 
par  excapla  la  trace  &  l'infini  du  vee'eur  vitesse  }  le  pilote  en  effet  ne  dispose  plu3  du  retour  clas- 
sique  d' information  fournie  par  les  variations  d'assiettes  lui  per  ottant  de  doser  ses  actions  3ur  les 
coaaandes. 

Il  est  bien  evident  qu'un  tel  sode  de  pilotage  n'a  pa3  et e  prevu  par  les  diffdronts  regleaents 
et  que  des  spdcifications  nouvelles  devront  6tre  dtabli.es  pour  juger  is  la  qualitd  des  reponses  de 
1' avion  h  ces  nouvelles  comnandes. 

Deux  ndthodec  sont  alors  appli cables  i  ou  bien  etablir  ces  nouvelles  specifications  par  des 
essais  au  siaulateur  et  en  vol  sur  avion3  experisentaux  ou  bien  appliquer  airectecent  sur  J  'avion  a 
certifier  les  princice3  du  T35J  3  en  dvaluont  la  charge  de  travail  du  pilote  au  cours  des  phases  ou  le 
nouveau  code  de  pilotage  e3t  utilise.  Htant  denne  que  les  formes,  lea  dimensions  et  1' emplacement  du 
nouveau  systbme  de  conmnndes,  la  nature  nSr.e  des  nouvelles  informations  a  foumir  au  pilote,  sont  loin 
d'etre  deja  figees,  il  nous  semble  plus  sage  d* appliquer  la  seconds  methods,  la  premiere  ne  pouvant  in— 
tervenir  que  lorsqu'un  certain  nonbre  de  rbgle3  genernlea  d'enploi  auront  did  trouvdes  jar  1' experi¬ 
mentation  dec  pre aibres  realisations.  I.'otons  d'aillours  que  la  premiere  cathode  consists  b  determiner 
ur  certain  nonbre  de  critbres  gdndraux  for.des  sur  une  experimentation  utilisant  1' evaluation  des  charges 
de  travail  par  l'dchelle  de  Cooper-Harper. 


Sn  conclusion,  le  concept  CC?  pose  deux  tjpos  de  problemes  on  ce  qui  conceme  les  specifications 
de  security  j 

a)  la  demonstration  de  la  fiabilite  des  syst ernes  t  les  aethodes  d' estimation  des  probabilites  globales  do 
panne  doivent  ftre  perfoetionndes  j 

b)  1 '  etablx.-cesent  de  nouveuux  critbres  de  qualitds  de  vol  pour  les  avions  eouipos  de  commandes  sseciaiss 
"de  tm^ectoire"  (force  laterale  et  portance  directe). 

Par  ailleurs,  1' ensemble  des  critbres  ejassiqueo  de  qualitt*3  de  vol  s'sppliqusr.t  sans  codifi¬ 
cation  aux  avions  b&tis  suivont  le  concept  CCV. 
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INTRODUCTION  OF  CCV  TECHNOLOGY  INTO  AIRPLANE  DESIGN 

by 

li chard  B.  Hollowly 
1  >  «  Boeing  Company 
Wichita,  Kansas 
U.S.A, 


1.0  INTRODUCTION 

The  airplane  designer  reaches  for  all  the  tools  at  his  commrind  when  startin',  a  new  design.  In  the  past  the  fundamental 
aeronautical  sciences  of  aerodynamics,  propulsion  and  structures  have  been  his  principal  technological  disciplines.  More  recently  the 
development  of  modem  control  system  technology  has  offered  capability  to  extend  the  limits  of  aerodynamic  and  structural 
technology,  and  achieve  superior  airplane  performance.  Application  of  active  control  systems  to  improve  airplane  performance  has 
become  known  as  CCV  (Control  Configured  Vehicle)  technology,  due  to  the  leadership  of  the  U.S.  Air  Force  Flight  Dynamics 
Laboratory,  where  the  terminology  was  conceived,  and  which  has  sponsored  most  of  the  programs  described  herein. 

2.0  THE  CCV  DESIGN  APPROACH 

The  traditional  airplane  design  process  produces  a  configuration  definition  essentially  as  shown  in  Figure  1.  Mission 
performance  requirements  such  as  takeoff,  landing,  payload/range,  speed  versus  altitude,  and  endurance  are  assessed  as  the  first  step  in 
establishing  a  new  airplane  configuration.  Trade  studies  of  these  factors  are  performed  and  constraints  applied  to  define  a  parametric 
airplane.  This  includes  definition  of  the  wing  area,  maximum  weight  minimum  weight  thrust  volume  of  the  vehicle,  etc.  From  this 
point  the  propulsion,  aerodynamic,  and  structural  designs  proceed,  combining  into  a  first  configuration  which  is  assessed  for 
performance.  This  process  is  iterated  several  times  to  define  a  vehicle  which  meets  all  the  specified  mission  performance  requirements 
and  which  satisfies  a  minimum  weight  or  minimum  cost  criterion. 

When  the  configuration  is  defined,  the  traditional  approach  then  moves  to  system  design.  At  this  point,  flight  control 
design  usually  begins.  If  flight  control  is  not  conridered  from  the  outset  in  a  design,  the  result  can  be  an  airplane  with  handling  qualities 
which  are  somewhere  between  acceptable  and  unacceptable,  rather  than  optimum.  The  airplane  may  have  none  of  the  favorable 
structural/zerodynamic  interactions  which  are  possible  with  modem  control  systems. 

In  contrast,  tie  CCV  design  rpproach  shown  in  Figure  2  capitalizes  on  the  potential  of  considering  advanced  flight  control 
concepts  during  the  mitral  parametric  trades.  The  ability  to  perform  various  advanced  control  functions  can  influence  formulation  of 
mission  requirements.  Using  the  traditional  approach  the  aircraft  user  is  somewhat  constrained  to  small  improvements  over  previous 
designs,  whereas  the  CCV  approach  may  allow  a  more  significant  improvement  in  aircraft  capability. 


FIGURE  1.  TRADFHONAL  AIRPLANE  DESIGN  CYCLE  FIGURE  2.  CCV  AIRPLANE  DESIGN  CYCLE 


Formulation  of  the  parametric  airplane  can  also  be  altered  by  the  CCV  approach,  since  traditional  empirical  design 
procedures  no  longer  necessarily  apply.  For  example,  wing  loading  and/or  aspect  ratio  for  a  specific  load  capability  can  be  significantly 
changed  by  incorporating  CCV  concept*. 

Flight  control  design  is  included  on'  an  equal  basis  with  the  other  major  technologies  of  propulsion,  aerodynamics  and 
structure.  The  large  vertical  block  (Figure  2)  emphasize?  the  interdisciplinary  trades  between  these  four  technologies  which  are  possible 
and  beneficial  in  defining  the  final  aircraft  ojiiSgrratioti.  This  process  is  iterated  until  the  best  possible  configuration  is  achieved. 

Analytical  CCV  studies  indicate  that  the  mo»;  significant  performance  improvements  are  achieved  from  six  control 

functions: 

•  Augmented  Stability  (AS)  •  Fatigue  Reduction  (FR) 

•  Gust  Load  Alleviation  (GLA)  a  Ride  Control  (RC) 

•  Maneuver  Load  Control  (MLC)  •  Flutter  Mode  Control  (FMC) 

Augmented  Stability  is  a  technique  for  eliminating  the  requirement  for  inherent  aircraft  static  sod  dynamic  stability  and 
augmenting  the  stability  with  an  active  control  system  to  a  level  that  provides  desirable  handling  qualities.  This  approach  permits  a 
smaller  empennage,  in  that,  the  empennage  is  sized  to  provide  only  the  trim  plus  maneuver  requirements.  AS  provides  better  control 
response,  which  improves  maneuvering  performance.  Relaxed  Static  Stability  (RSS)  is  another  name  which  has  been  applied  to  AS. 
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Gust  Load  Alleviation  is  a  technique  for  redueinq  airframe  peak  transient  toads  resulting  from  gust  disturbances.  It 
encoinpases  control  of  rigid  body  and/or  structural  flexibility  comoonents  of  the  airplane  gust  response. 

Maneuver  Load  Control  is  a  method  for  redistributing  wing  lift  during  maneuvering  flight  Incremental  stresses  nw  2e 
reduced  by  deflecting  wing  control  surfaces  symmetrically  in  response  to  load  factor  commands  in  a  manner  ihat  shifts  the  wing  -ei.ter 
of  lift  inboard,  thus  reducing  wing  root  bending  moments. 

Fatigue  Reduction  is  a  technique  for  reducing  fatigue  damage  rate  by  using  active  controls  to  reduce  the  amplitude  and/or 
number  of  transient  bending  cycies  to  which  the  structure  is  subjected  during  turbulence. 

Ride  Control  is  a  technique  for  improving  crew  and  passenger  ride  comfort  by  reducing  objectionable  rigid  body  and 
structural  vibrations  through  control  surface  deflections. 

Flutter  Mode  Control  is  a  technique  for  actively  damping  flutter  modes  using  aerodynamic  surfaces,  providing  potential 
weight  savings  and/or  extending  flutter  placard  speeds. 

it  is  significant  to  note  that  the  application  of  these  concepts  differs  depending  on  the  mission  involved.  For  a  fighter 
aircraft  AS  and  MLC  most  likely  woulc  be  applied  to  achieve  superior  maneuvering  performance.  For  a  bomber  or  transport  the  same 
two  concents  would  be  applied  to  improve  cruise  efficiency,  by  reducing  weight  and  drag. 

Bomber  and  fighter  aircraft  normally  reauire  ride  improvement  only  at  crew  stations,  whereas  transport  aircraft  (military 
and  civilian)  may  require  ride  improvement  along  the  entire  length  of  the  fuselage.  Benefits  of  ride  control  are  improved  man-machine 
mission  effectiveness,  a  by-product  of  reduced  crew  fatigue.  FMC  might  be  applied  to  a  large  transport  to  save  wing  weight,  while  for  a 
fighter  FMC  could  increase  the  number  of  different  wing-mounted  stores  that  could  be  carried. 

3.0  STATUS  OF  CCV  TECHNOLOGY 

In  the  evolution  of  aircraft  design  many  technology  innovations  have  been  incorporated  to  achieve  improved  performance. 
Today,  before  any  innovatic.t  is  accepted,  the  aircraft  designer  must  have  confidence  that  the  new  concept  will: 

•  Be  safe 

•  Achieve  predicted  performance 

•  Be  cost  effective 

These  three  criteria  are  not  always  weighted  equally.  For  military  aircraft  for  example,  attainment  of  significantly 
improved  performance  may  be  paramount,  while  for  a  civil  transport  safety  is  of  primary  importance.  Cost  effectiveness  is  important  in 
either  case. 


The  next  several  pages  will  descrii.-.  •  ,j  genesis  and  current  status  of  CCV  studies  and  applicatior.i,  and  than  summarize  the 
current  pou:ion  of  CCV  technology. 

3. 1  Genesis  of  CCV  Technology 

Requirements  to  fly  faster  and  farther  have  resulted  in  flying  higher  and  designing  larger  more  flexible  airframes.  This  trend 
has  made  it  more  challenging  to  design  aircraft  having  acceptable  performance,  stability  and  handling  qualities  throughout  the  mission 
profile.  Large,  high  speed,  flexible  aircraft  normally  have  inadequate  short  period  and  Dutch  roll  damping,  resulting  in  objectionable 
handling  qualities.  In  addition,  elastic  modes  of  such  aircraft  are  normally  strongly  coupled  throughout  the  frequency  spectrum, 
resulting  in  increased  response  to  longer  gust  wavelengths  and  higher  dynamic  structural  loading.  Although  automatic  pilots  have  been 
used  to  control  rigid  body  aircraft  dynamics  for  over  fifty  years,  systems  to  contro!  aircraft  elastic  modes  have  been  considered 
seriously  only  during  the  past  decade  (References  1  -  29). 

During  one  of  the  earliest  programs,  active  control  of  a  B-52  latere)  body  bending  mode  to  reduce  aft  body  structural 
fatigue  damage  rate  was  studied  (Reference  1).  A  system  was  synthesized  to  control  a  1225  Hz  antisymmetric  mode  using  the  rudder 
with  an  aft  body  accelerometer  for  feedback.  This  system  was  not  implemented,  however. 

The  B-52  was  initially  designed  as  a  high  altitude  bomber,  but  mission  requirements  were  later  expanded  to  include 
low-altitude,  high  speed  flight  Increased  turbulence  at  the  low-altitude  environment  results  in  larger  peak  loads,  increased  fatigue 
damage  rate  and  reduced  controllability.  Severity  of  the  low-level  environment  was  vividly  illustrated  In  1964  by  a  low-Jevei  flight  test 
incident  near  the  Colorado  Rocky  Mountains  in  which  a  severe  turbulence  encounter  broke  the  vertical  tail. 

This  incident  and  recommendations  from  a  special  Air  Force  committee  emphasized  the  need  for  an  advanced  flight 
control  system  on  the  B-52.  As  a  result,  the  ECP  1195  Stability  Augmentation  System  (SAS)  was  developed  and  by  mid  1971  was 
installed  in  the  B-52G  and  H  fleet  (References  7  ■  17).  The  system  was  designed  to  reduce  peek  loading,  reduce  fatigue  damage  ate  and 
improve  controllability  in  turbulence. 

Airplane  angular  rate  and  linear  acceleration  information  are  sensed,  processed  and  fed  to  wide  bandpass  hydraulic 
actuators  for  the  elevator  and  rudder  control  surfaces.  Triply  redundant  electronics  and  dual  redundant  hydraulic  power  provide  system 
faii  operate  reliability.  The  resulting  system  performance  is  il.ustrated  in  Figure  3  and  Table  I.  Typical  flight  test  result*  of  aft  body  side 
displacement  in  random  turbulence  with  and  without  the  SAS  are  shown  in  Figure  3.  With  the  SAS  off  the  1.4  Hz  body  lateral  bending 
mode  dominates  the  response.  The  SAS  reduces  literal  RMS  displacements  by  •  factor  of  six.  As  a  result  mission  flexibility  and  aircraft 
structural  life  am  significantly  improved.  The  upper  portion  of  Table  (  compares  the  relative  time  for  a  B-52G  or  H  airplane  W 
accumulate  equal  fatigue  damage  operating  at  low  level  with  and  without  the  system.  The  lower  portion  of  the  table  compares  relative 
time  to  reach  an  overload  occurrence  operating  at  the  same  conditions.  Since  its  installation  the  syste.-ft  has  demonstrated  excellent 
performance  and  reliability  characteristics  under  field  operational  conditions- 
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TABLE  I  MISSION  FLEXIBILITY  WITH  ECP 1195  SAS 

B-52G  AND  II  FLEET  350,000  LB  CROSS  WEIGHT 
LOW  LEVEL  ENVIRONMENT 


— J  i  «c  • — 


SPEED 

WITHOUT 

SAB 

WITH 

IAS 

TIME  TO  EQUAL 

325  EEAS 

2 

11 

FA7TG9E  DAMAGE 

400CEA3 

0.32 

2.7 

TIME  tO  EQUAL 

325KEAS 

S 

1000 

OVERLOAD 

400XEAS 

0.26 

26 

FIGURE  3.  AFT  BODY  SIDE  DISPLACEMENT  IN  RANDOM 
TURBULENCE  WITH  ECP  1135  SAS 

Two  additional  structural  mode  control  research  programs  were  directed  by  the  Air  Force  Flight  Dynamics  Laboratory 
(AFFDL)  concurrently  with  the  ECP  ’  195  program.  North  American  Rockwell  conducted  a  program  on  the  XB-70,  "Gust  Alleviation 
and  Structural  Dynamic  Stability  Augmentation  System  (GASDSAS)",  (References  18  -  24).  Boeing  and  Honeywell  jointly  conducted  a 
program  using  the  B-52,  "Load  Alleviation  and  Mode  Stabilization  (LAMS)",  (References  25  •  28). 

The  objective  of  the  XB-79  GASDSAS  program  was  to  design  a  control  system  to  reduce  rigid  body  and  structural  mode 
accelerations  of  a  large,  flexible,  low  load  factor  aircraft,  flying  at  high  speeds  in  turbulence.  Two  concepts  were  investigated.  One 
concept  employed  Identical  Location  of  Accelerometer  and  Force  (ILAF)  techniques  urmg  linear  accelerometer  blended  signals.  A 
second  approach  used  blended  signals  from  two  remotely  located  angular  accelerometers,  known  as  the  Differential  Angular 
Acceleration  (DAA)  system. 

Both  systems  used  the  elevons  for  force  producers.  In  addition,  small  horizontal  and  vertical  canards  were  shown  to  be 
effective  for  structural  mode  control.  The  ILAF  system  provided  significant  reductions  in  fuselage  vertical  accelerations  as  indicated  in 
Figure  4. 

The  LAMS  program  (References  25  -  29)  was  initiated  in  1966  to  demonstrate  the  capability  of  an  advanced  flight  control 
system  to  alleviate  gust  loads  aid  control  wing  structural  modes  on  a  la rgs,  flexible  subsonic  aircraft.  One  specific  goal  was  to  flight 
demonstrate  on  a  B-52  airplane  a  measurable  reduction  in  overall  airplane  fatigue  damage  rats  caused  by  turbulence  while  retaining  or 
improving  aircraft  handling  qualities.  The  LAMS  system  was  designed  to  use  existing  ailerons,  spoilers,  elevators,  and  rudder  surfaces 
with  new  wide  bandpass  electrohydraulic  actuators.  The  system  was  synthesized  and  demonstrated  at  three  typical  flight  conditions. 
For  comparison  a  baseline  SAS  representing  a  contemporary  stability  augmentation  system  was  designed  to  control  only  rigid  body 
motions,  f  atigue  damage  rate  improvements  with  the  L  AMS  flight  control  system  are  shown  in  Figure  5,  based  on  an  annual  usage 
consisting  of  4.3  percent  time  at  a  low  level,  high  speed  condition,  6.8  percent  time  at  a  (ow  level,  low  speed  condition,  and  88.9 
percent  time  at  high  altitude  cruise.  The  LAMS  system  reduced  controls  locked  (no  SAS)  wing  fatigue  damage  rate  approximately  5C 
percent 
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FIGURE  4.  XB-70  ACCELERATION  REDUCTION  WITH  FIGURE  5.  B-52  FATIGUE  DAMAGE  RATE  REDUCTION  WITH 

ILAF  SYSTEM  LAMS  (FATIGUE  DUE  TO  TURBULENCE) 

Anotlier  goal  of  the  LAMS  program  was  to  demonstrate  that  the  LAMS  technology  is  applicable  to  aircraft  other  than  the 
B-5?  test  aircraft  An  analytical  study  was  conducted  to  determine  the  benefits  that  a  LAMS  system  could  provide  on  the  C-5A  aircraft 
(Reference  29).  The  study  defined  a  longitudinal  axis  and  a  lateral-directional  axis  LAMS  flight  control  system  providing  reduced 
fatigue  damage  rates  end  improved  ride  qualities  at  a  representative  flight  condition.  S'/stem  performance  is  illustrated  in  the 
comparison  of  baseline  SAS  and  LAMS  FCS  fatigue  damage  rates  and  improvet  ride  qualities  at  a  representative  flight  condition. 
Typical  system  performance  is  illustrated  in  the  comparison  of  baseline  SAS  end  LAMS  FCS  fatigue  damage  rates  shown  in  Table  ti. 
Fatigue  damage  rates  are  reduced  by  several  orders  of  magnitude  at  critical  wing  location-.  The  small  increase  in  horizontal  tail  root 
fatigue  damage  rate  with  the  LAMS  system  was  not  considered  significant  because  of  the  rc.^=*Tly  low  damage  rate.  It  is  not  unusual 
for  LAMS  type  systems  to  exhibit  performance  degradations  at  non  critical  locations. 

The  LockheeJ  Georgia  Company  in  1969  designed,  developed,  and  flight  tested  an  Active  Lift  Distribution  Control  System 
(ALDCS)  fot  the  purpose  of  reducing  the  design  limit  maneuver  loads  on  the  wing  of  the  C-5A  airplane  (Reference  56). 

The  fail  operative  system  controlled  the  ailerons  with  signals  obtained  from  accelerometers  located  near  the  node  of  the 
first  bending  mode  and  included  active  control  of  the  inboard  ablators  for  pitch  compensation.  The  system  as  developed  made 
maximum  use  of  existing  system  components  and  required  the  addition  of  the  sensors,  a  load  alleviation  computer  system,  and  new 
interfaces  to  existing  components.  Flight  tests  showed  the  system  tc  La  highly  satisfactory,  both  from  the  standpoint  of  achieving  the 
decired  static  toad  relief  as  well  as  from  a  handling  quality  standpoint. 

According  to  Reference  30  a  version  of  the  ALDCS  will  be  utilized  for  the  purpose  of  extending  the  fatigue  life  of  the 
C-SA  airplane  by  reducing  maneuver  and  gust  loads. 
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TABLE  U  C-5A  FATIGUE  DAMAGE  RATES 
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LATCH  AX. 
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LOCA7XOH  LOCATION 

FIGURE  6.  STOL  PASSENGER  RIDE  QUAUTIES  DURING 
DESCENT 


An  early  Honeywell  study  of  the  use  of  elastic  mode  suppression  for  ride  quality  improvement  it  described  in  Reference 
31.  Vertical  accelerations  on  a  double-delta  SST  configuration  were  shown  to  be  reduced  5C  percent  by  means  of  a  suitably  designed 
control  system.  Both  rigid  body  and  structural  modes  were  suppressed. 


In  1969  the  first  paper  was  published  which  described  performance  benefits  that  might  be  achieved  by  using  the  CCV 
design  approach  (Reference  3?)  The  study  was  conducted  for  a  B-52  bomber  aircraft  and  the  tail  surface  areas  were  reduced  50  percent 
with  the  augmented  stability  concept.  This  reduction  in  tail  area  reduced  drag  three  percent,  operating  weight  empty  (OWE!  nine 
percent  (16,000  pounds),  and  gross  weight  11  percent  (53,000  pounds!  for  the  same  mission. 


This  study  was  later  repeated  in  more  depth,  and  the  results  were  similar  (Reference  33).  Design  gross  weight  vas  reduced 
13.7  percent  and  OWE  was  reduced  13  percent  for  the  same  mission.  The  large  gross  weight  and  OWE  reductions  resulted  from  the 
relative  insensitivity  of  range  with  gross  weight,  which  is  typical  of  long-range  designs  with  small  payloads. 

Augmented  directional  stability  was  adopted  on  the  British  TSR2  low-level  strike  aircraft,  using  a  'r_i.  .ill-moving  vertical 
fin,  to  provide  lower  gust  sensitivity  in  high  speed  low-level  flight,  reduce  acoelastic  effects  and  ease  expected  problems  of  yaw  trim 
and  loss  of  ri-dder  effectiveness  at  transonic  speeds  (Reference  34).  The  moving  fin  was  half  the  size  of  a  conventional  fixed  fin, 
resulting  in  a  seven  percent  decrease  in  profile  drag,  a  10  percent  decrease  in  aircraft  weight,  and  corresponding  cost  savings. 


Ir.  1370  the  NASA  Langley  Research  Center  contracted  with  Boeing-Wichita  to  conduct  a  pieliminary  design  study  of  a 
commercial  Short  Takeoff  and  Landing  (STOL)  airplane  incorporating  an  advanced  control  system  (Reference  35).  The  objective  was  to 
explore  the  feasibility  of  CCV  technology  providing  satisfactory  ride  qualities  and  competitive  high  speed  cruise  performance  with  a  low 
wing-leading  STOL  aircraft.  The  potential  advantages  of  simplicity,  reliability,  and  low  noise  of  a  low  wing-loading  STOL  transport 
suggested  an  examination  of  this  class  of  aircraft  relative  to  other  design  approaches.  The  airplane  was  designed  for  130  passengers, 
2,090  feet  field  length,  cruise  Mach  nunibcr  of  0.80  and  a  range  of  750  NM.  The  parametric  study  produced  a  configuration  having  a 
0.35  thrust-to- weight  ratio,  a  50  psf  wing  loading,  end  which  satisfied  specified  mission  requirements  and  airworthiness  standards. 
Passenger  compartment  vertical  and  lateral  accelerations  during  descent  (the  hignest  acceleration  condition)  with  and  witnout  the  ride 
control  system  are  shown  in  Figure  6.  Design  criteria  were  based  on  acceptable  acceleration  levels  established  during  previous  moving 
base  simulator  ride  quality  tests.  The  STOL  design  with  the  ride  control  system  meets  the  acceleration  criteria  a:  all  passenger  locations 
in  both  the  vertical  and  lateral  axes. 
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FIGURE  7.  STOL  TRANSPORT  -  SIZE  COMPARISON 
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FIGURE  8.  GROSS  WEIGHT  REDUCTIONS  WITH  MANEUVER  LOAD 
CONTROL  IMLC)  AND  AUGMENTED  STABILITY  (AS) 


Because  the  results  of  the  Reference  35  study  appeared  promising,  NASA- Langley  sponsored  a  broader  scope  effort  which 
is  reported  in  Reference  36.  In  the  latter  study  STOL  aircraft  which  used  conventional  mechanical  flaps  and  low  wing  loacing  were 
compared  against  STOL  aircraft  which  used  externally  blown  flaps  and  higher  wing  loadings.  All  aircraft  were  designed  to  tne  same 
mission  and  employed  an  active  GLA  system.  Results  are  shown  in  Figure  7. 


It  was  concluded  that  through  use  of  an  active  control  system  for  both  GLA  and  RC,  low  wing-loaoing  airplanes  with 
mechanical  flaps  are  lighter,  quieter  and  more  economical  than  externally  blown  flap  airplanes  over  a  wide  range  of  payloads  and  design 
field  lengths.  On  the  average  the  externally  blown  flap  airplanes  were  about  12  percent  heavier  than  the  mechanical  flap  airplanes  for 
the  same  mission  and  field  length.  GLA  provided  a  large  gross  weight  reduction  for  airplanes  with  design  field  lengths  shorter  than  2,500 
feet.  Without  GLA  the  mechanical  f tap  airplanes  were  heavier  than  the  externally  blown  flap  airplanes  for  field  lengths  less  than  about 
2.400  feet. 


In  1971  the  U.S.  AFFDL  initiated  a  series  of  study  contracts  to  investigate  tne  compatibility  of  augmented  stability  and 
maneuver  load  control  on  different  types  of  aircraft  (Reference  37).  Previous  studies  investigated  potential  performance  payoffs  of 
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ir  dividual  CCV  concepts  and  found  that  the  benefits  are  strongly  configuration  and  mission  dependent.  This  study  investigated  the 
bmefits  which  result  from  simultaneous  application  of  the  two  concepts.  Two  classes  of  military  aircraft  were  used  in  the  Boeing  study: 
a  450,000-pound  B-52  bomber  and  the  Boeing  Model  8?8,  a  70, 000-pound  fighter.  Results  of  this  study  (Reference  38}  indicated  that 
tl  e  two  concepts  are  compatible  for  both  configurations.  As  shown  in  Figure  8  performance  benefits,1  in  terms  of  potential  gross  weight 
reductions,  from  each  concept  incorporated  independently  arc  essentially  additive  when  both  systems  are  incorporated  simultaneously. 
In  addition,  performance  improvements  are  approximately  equal  for  both  aircraft  classes. 

Results  of  a  similar  study  conducted  by  McDonnell  Aircraft  Company  personnel  are  leported  in  Reference  39.  This  study 
pointed  out  that  "the  basic  performance  improvement  objectives  to  be  achieved  through  the  use  of  MLC  and  RSS  are  not  the  same  for 
fighter  aircraft  as  they  are  for  bomber/transport  aircraft.  The  objective  for  bomber/transport  aircraft  is  to  improve  cruise  efficiency  as 
measured  by  perforirance  parameters  such  as  range  and  payload.  For  fighter  aircraft,  the  design  objective  is  to  improve  maneuvering 
performance  as  measured  by  performance  parameters  Rich  as  specific  excess  power  (P$)  and  maximum  normal  Toad  factor  (nzmaxJ- 
While  the  RSS  design  concepts  are  essentially  the  same  for  both  fighter  and  bomber/transport  aircraft,  the  MLC  design  concepts  are 
notably  different." 

Results  of  the  McDonnell  study  showed  that,  "1}  significant  performance  benefits  car.  be  realized  for  a  fighter  aircraft 
through  judicious  application  of  MLC  »nd  RSS  aircraft  design  concepts;  2)  these  design  concepts  are  compatible;  and  3)  aircraft 
configured  using  these  design  concepts  can  be  adequately  controlled  using  existing  control  system  technology." 

Figure  9  "shows  the  effect  of  the  MLC  configurations  on  specific  excess  power  at  three  typica!  combat  flight  conditions.  It 
can  be  seen  that  the  configurations  with  leading  edge  slats  provide  the  best  subsonic  improvements  in  specific  excess  power.  At  M  = 
0.90,  alt  =  37,000  ft  and  n2  =  3  g,  the  leading  edge  slats  result  in  an  improvement  in  Ps  of  140  fps.  Supersonically,  the  canards  increase 
specific  excess  power  by  210  fps  at  M  ■  1.45,  alt  =  35,000  ft  and  n2  =  5  g/' 

Further  examples  of  CCV  benefits  to  fighter  aircraft  are  presented  in  References  40  and  41.  while  Reference  42  discussec 
active  wing/store  flutter  control  for  an  F-4.  The  latter  study  indicated  the  possibility  of  expanding  the  F-4  permissible  flight  flutter 
envelope  by  150  knots  using  the  existing  aileron  control  surfaces.  Reference  43  presents  results  of  a  study  to  determine  methods  of 
improving  efficiency  of  a  700,000-pound  class  jet  transport  by  using  wing  maneuver  load  alleviation.  Results  showed  that  the  airplane 
studied  could  iiave  its  wing  span  increased  10  percent  for  the  same  wing  weight  if  MLC  were  used.  The  corresponding  airpbne 
performance  improvement  was  13  percent,  resulting  in  a  10,C00-pound  payload  increase.  The  use  of  the  MLC  system  for  gust  alleviation 
also  appeared  promising. 


The  largest  challenge  that  the  designers  of  the  U.S.  Supersonic  Transport  (SST)  faced  was  to  achieve  9  design  that  was 
economically  competitive  with  current  large  subsonic  commercial  transports.  Configuration  studies  indicated  that  substantial 
improvements  in  weight,  drag  and  balance  could  be  obtained  if  conventional  stabilit-  requirements  were  relaxed  and  the  operational  eg 
range  was  shifted  aft  (References  44  and  45).  Coincidentally,  design  development  of  the  stability  augmentation  system  progressed  to 
the  point  where  complete  confidence  existed  in  the  ability  to  develop  a  backup  stability  augmentation  system  (SAS)  with  the  same 
reliability  as  the  structure.  System  reliability  was  provideo'  through  design  simplicity,  component  quality,  design  installation  quality  and 
employment  of  multiple,  redundant  independent  cnannels.  Engineering  analyses  showed  that  sufficient  reliability  could  be  developed 
to  fully  rely  on  such  a  system  for  acceptable  handling  qualities  in  the  event  of  shutdown  of  the  normal  augmentation  system.  The 
b*rkup  SAS,  being  likened  to  structure,  was  christened  "Hard  SAS",  or  HSAS.  Adoption  of  the  HSAS  permitted  a  five  percent  aft  shift 
in  the  operational  eg  range.  This  aft  shift  in  balance  resulted  in  weight  savings  and  drag  reduction  and  provided  full  utilization  o*  body- 
length  with  improved  loading  flexibility  and  reduced  ballast  requirements.  The  net  result  was  a  150-inch  reduction  in  body  length  and 
100  square  feet  reduction  in  vertical  tail  size.  Horizontal  tail  area  remained  unchanged,  since  the  change  m  control  requirements  was 
met  with  a  diang?  in  stabilizer  deflection  range.  These  configuration  changes,  plus  additional  minor  system  changes,  culminated  in  a 
total  weight  savings  of  about  6.000  pounds.  In  addition,  significant  drag  reduction  also  resulted  from  the  reduced  surface  trea  and 
improved  trim  drag  situation.  For  example,  for  cruise  at  Mach  2.7.  drag  was  reduced  about  2.5  percent.  As  a  result  of  adopting  the 
HSAS  approach,  aircraft  range  was  increased  225  nautical  miles.  To  achieve  this  same  range  without  the  HSAS,  the  48,806  pounds  of 
payload  would  have  to  be  reduced  about  30  percent. 
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FIGURE  9.  MODEL  r-»E  -  EFFECT  OF  MLC  DEVICES  ON 
ENERGY  MANEUVERABILITY 


FIGURE  10.  SST  VERTICAL  ACCELERATIONS  WITH  AND  WITH¬ 
OUT  RIDE  CONTROL  SYSTEM  (SUBSONIC  DESCENT 
CONDITION) 


Potential  benefits  of  ride  control  and  flutter  mode  control  systems  were  also  studied  during  the  U.S.  SST  program 
(Reference  46).  The  ride  smoothing  analysis  indicated  that  the  first  four  body  modes  in  the  vertical  plane,  covering  a  frequency  range 
from  approximately  1.4  to  3.8  Hz,  contributed  significantly  to  gust  induced  accelerations.  The  ride  control  system  was  designed  to 
suppress  these  elastic  vibration  modes  without  significantly  affecting  rigid  body  dynamics.  Figure  10  illustrates  fuselage  Venice! 
accelerations  for  a  typical  subsonic  descent  condition  with  and  withou*  the  system. 


The  upper  curves  are  total  vertical  accelerations,  the  lower  curves  are  rigid  body  contribution,  and  the  differences  between 
the  curves  are  aircraft  flexible  mode  contributions.  The  system  significantly  reduces  vertical  accelerations  at  the  forward  and  aft  ends  of 
the  aircraft,  where  accelerations  are  largest. 


The  flutter  mode  control  studies  were  directed  toward  actively  damping  two  flutter  modes  on  a  delta  wing  SST  strength 


23-6 


designed  configuration.  At  Mach  0.90  the  configuration  had  a  3.5  Hz  wing  mode  end  a  2.8  Hz  body-wing  mode  with  zero  damping  at 
npaeds  Ifcjs  than  i.2  <Vq).  requiring  over !  9,000  pounds  of  additional  stiffness  structure  to  provide  on  adequate  flutter  margin. 

Studies  wets  conducted  to  de termini  ti.a  feasibility  of  damping  these  modes  with  a  flutter  mode  control  system  to  eliminate  weight 
Figure  1 1  snows  damping  ratios  of  the  two  flutter  modes,  with  and  without  the  flutter  mode  control  system.  The  system  used  wing  tip 
aileron  surfaces  and-  two  v.-irtg  mounted  pfrch  rate  gyros.  Without  the  system,  the  body-wing  mode  becomes  unstable  at  0.96  Vq.  The 
system  extends  flutter  beyond  1.2  VD.  Poo.  iotf  of  the  two  flutter  modes  as  a  function  of  velocity  are  shown  in  Figure  12. 


I 

STASCt 


.1*1  wm m  mm**  - 
I  cotoaoLrain. 

■ie,  - 


~  MOOT 


HACK  0,90 

Kmk 


FIGURE  U.  EFFtCTC  OF  FI  ’ITTEK  MODE  CONTROL  O*  SST 


FIGUhi.12.  SST  ROOT  LOCI  WITH  FLUTTER  MODE  CONTROL 
SYSTEM 


The  NASA-sponsored  Advanced  Tt  'hnology  Transport  studies  examined  the  potential  payoff  of  “active  controls 
concepts"  which  are  similar  to  the  CCV  concepts  listed  previously.  Results  from  Boeing  studies.  Reference  47,  are  quoted  below. 


"Although  the  oroblem  of  aerodynamic  center  shift  does  not  affect  the  subsonic  airplane  to  the  same  extent  as  it  does  the 
SST,  there  are  still  subsianf-al  gains  <o  be  realized  through  the  use  of  longitudinal  SAS.  As  will  be  shown,  these  are  associated  primarily 
with  reduced  r<urizontr‘  tail  fire  jnd  lowm  trim  drag  in  cruise.  However,  the  benefits  include  reduced  trim  drag  for  takeoff,  dimbout, 
and  U'idirt3  approach  and,  5 r  some  rases,  reduced  vertical  tail  size. 


‘Tail  size  selection  criteria  are  illustrated  in  Figure  13,  wh-ch  superimposes  the  landing  approach  trim  requirement  and  the 
criterion  for  static  stability  with  a  li..v.  percent  stability  margin,  shown  as  solid  lines.  It  should  be  noted  that  the  static  stability 
criterion  corresponds  to  the  critical  <J  leas:  stable  combination  of  .nirplane  configuration  and  flight  condition.  There-  criteria  are 
expressed  in  terms  of  the  eg  position  allowed  as  a  function  of  horizont  rl  tail  volume  coefficient.  Conventional  airplane  design  standards 
usually  require  a  three  percent  static  stability  margin  measured  from  tlie  neutral  point-  A  further  requirement  fixes  ths  airplane  eg  range 
required  for  lo-Xhbiiity.  Thr  tail  vu'ume  and.  therefore,  tail  size  can  then  be  selected  as  value  that  simultaneously  satisfies  the  three 
above  -/iteria.  Relaxing  the  stability  requirement  to  that  corresponding  to  neutral  maneuver  stability,  for  example,  allows  a  substantial 
reduction  in  ail  siz-*  ano  i  ermits  operation  of  the  airplane  hi  a  more  aft  eg  range  to  reduce  trim  dreg.  For  such  operation,  a  highly 
reliable  stability  augmentation  system  must  be  incorporated  s*  an  integral  pan  of  the  control  system  design.  The  possibilities  of 
ooeratint  in  the  unstable  reg.or,  indicated  by  the  dashed  line  may  be  attractive  but  require  cirrespondlngly  greater  attention  to  SAS 
concept  selection  with  appropriate  levels  of  redundancy.  To  achieve  the  same  aft  movements  of  the  eg  with  norma!  static  stability 
criteria  would  obviously  require  large  increases  in  tail  size.  Although  the  loadability  of  the  airplane  might  thereby  be  improved,  it  is 
doubtful  that  die  eg  range  available  could  be  used  effectively. 


FIGURE  13.  HORIZONTAL  TAIL  SIZING  CRITERIA 


FIGURE  14.  CC  EFFECTS  GN  AERODYNAMIC  EFFICIENCY 


"A  major  portion  of  the  gains  referred  to  above  are  associated  with  improvement  in  cruise  L/D  of  the  airplane  Tlie 
sensitivity  of  this  parameter  to  eg  location  is  shown  in  rigurt  14  fur  the  near -sonic  transport  with  a  T-tail.  It  is  apparent  that  substantial 
gains  in  aerodynamic  efficiency  of  the  airplane  from  that  corresponding  to  neutral  static  stability'  are  possible  through  the  use  of 
longitudinal  SAS,  It  is  also  obvious  that  eg  movement  aft  beyond  40  percent  MAC  yields  relatively  little  gain  in  cruise.  This  is  due  to  the 
fact  that  continued  increases  in  positive  tail  load  eventually  start  increasing  trim  drag.  Finally,  it  is  worth  noting  that  improvements  in 
L/D  and  Cj.  x  with  more-aft  eg  petitions  for  both  takeoff  and  landing  approach  can  be  significant  in  terms  cf  none  or  field  length. 
Ail  of  the  above  benefits  finally  appear  as  improved  cruise  efficiency  and  reduced  airplane  size  to  perform  a  given  mission. 


"The  use  of  active  controls  for  improved  iateral-oirectional  characteristics,  particularly  directional  SAS,  can  provide 
substantial  reductions  in  vertical  tail  size  and  corresponding  reductions  in  drag  and  wrighL  In  most  designs  incorporating  flight-critical 
directions!  SAS,  the  minimum  size  of  the  vertical  tail  is  likely  to  be  governed  by  engine-out  criteria,  but  some  directional  stability 
would  normally  remain  (e.g.,  Cn^  «  0.002/degree).  However,  an  unstable  Dutch  roil  mode  wouid  result  for  most  of  the  flight 
envelope.  This  would  have  to  be  offset  by  including  a  highly  effective  yaw  damping  function  in  Ac  lateral-directional  SAS,  possibly 
Including  the  use  of  ailerons  in  addition  to  the  rudder. 
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"Active  centre  1*  can  alto  be  used  to  save  sting  weight  iReference  48)  by  shifting  the  lift  center  of  pressure  inboard  to 
reduce  bending  moment  through  appropriate  aileron  and/or  fiyp  motions.  Tnk  could  be  effective  for  both  maneuver  end  gust  loads  and 
would  result  in  weight  reductions  because  of  reduced  sirtnrjin  requirements.  A  further  gain  results  from  lessened  fatigue  damage, 
prt'n  ’-pslly  from  gusts,  provided  thet  the  system  can  respond  eff actively  to  acceleration  and/or  other  signals  generated  et  appropriate 
point*  on  the  airplane.  Flutter  suppression  can  Ire  implemented  by  appropriate  motions  of  wing  control  surfaces  in  response  to  similar 
signal:  und  may  become  important  at  the  wing  stiffness  is  rede  ed  to  achieve  weight  rrAjctions  through  load  alleviation.  When 
improved  ride  quality  it  also  sought  as  an  acth.  controls  benefit  •  becomes  obvious  th  t  ?  very  sophisticated,  hitfily  integrated,  and 
raiiaole  system  must  be  JevUoped  to  schiew.  ‘.hr  conibiLed  goals  discussed  above. 


"The  impact  of  the  application  j;  active  controls  for  both  longitudinal  end  directional  SAS,  combined  with  toad 
alleviation,  is  shown  grcoh<caIiy  in  Figure  IP.  The  effects  are  apparent  throughout  the  entire  configuration  reflecting  in  changes  in 
weight  balance,  inertial  charactenvticsi,  aerodynamic  efficiency,  and,  filially,  the  overall  sire  of  the  airplane.  When  the  cumulative 
effects  of  these  change*  are  assessed  in  die  .resign  cycle,  the  airplane  takeoff  gross  weight  is  reduced  13  percent  for  a  given  mission  with 
corresponding  gains  jnOOC  and  return  on  investment  (ROI)  (Table  Hi). 


TABLE  01  ACTIVE  CONTROLS  BENEFITS  FOR  ADVANCED 
SUBSONIC  TRANSFORT 


FIGURE  15.  SUMMARY  OF  ATT  ACTIVE  CONTROLS  BENEFITS 
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"While  the  means  for  implementation  of  some  of  the  techniques  discussed  above  continue  to  be  actively  pursued,  the 
potential  gains  as  well  as  the  difficulties  from  the  application  of  others,  e.g.,  load  alleviation  systems,  are  only  now  becoming 
appreciated.  Since  their  implementation  is  less  straightforward  and  the  alternatives  less  apparent,  their  ultimate  Impact  on  airplane 
design  is  difficult  to  assess.  This  points  up  the  need  for  adequate  design  and  operating  criteria  and  more  reliable  means  of  evaluating  the 
performance  gains  before  active  controls  technology  can  be  successfully  applied.  Also,  the  rued  for  continued  development  of  more 
reliable  systems  and  components  cannot  be  overemphasized." 

3.2  Fly-By-Wire  Technology  Development 

Practical  realization  of  CCV  functions  on  production  aircraft  depends  on  Fly-By-Wire  (FBVVj  control  systems  with  a 
reliability  consistent  with  the  function  criticality.  Two  programs,  the  Air  Fcrce  68QJ  Survhobf*  Flight  Centro!  System  and  the  NASA 
F-8  Fiy-By-'.Vire  program,  are  directed  toward  the  development  and  flight  demonstration  of  fly-by-wire  systems  (References  49  -  51 ). 

The  Suivivable  Flight  Control  System  (SFCS)  program  is  an  advanced  development  program  being  conducted  by 
McDonnell  Aircraft  Company  under  contract  to  the  A>r  ForeO  Flight  Dynamics  Laboratory.  The  principal  objective  of  this  program  is 
the  development  and  flight  test  demonstration  of  an  F-4  aircraft  with  a  Survivsbie  Flight  Control  System  utilizing  fly-by-wire 
techniques. 


The  SFCS  is  a  three-axis,  fiy-by-wire  primary  flight  control  system  which  functions  to  command  aircraft  motion,  instead  of 
surface  position,  as  a  direct  function  of  pilot  applied  inputs.  Improved  stability  characteristics  are  provided  through  the  use  of  feedback 
control,  proper  placement  of  aircraft  motion  sensors,  and  the  application  of  structural  mode  filters  to  attenuate  aircraft  resonant 
frequencies. 


Quadruple*  (four  channel)  redundancy  is  used  in  all  feasible  system  components,  including  power  supplies,  to  obtain 
improved  system  reliability  and  increased  mission  completion  probability.  The  sytteoi  is  *  signed  to  sustain  two  similar  failures  per  axis 
witnout  s.gnificant  degradation  in  performance. 

The  highly  successful  flight  test  pregram  consisted  of  84  flights  totalling  88.5  flight  hours.  Toe  first  27  flights  were  flows 
with  a  mechanical  backup  control  system  in  the  pitch  and  yaw  axes.  The  backup  system  was  removed  as  soon  as  adequate  system 
performance  and  reliability  were  demonstrated.  The  remaining  57  flights  explored  virtually  the  entire  flight  envelope  of  the  airplsne, 
including  flight  at  Mach  2  and  air-to-air  and  air-to-ground  attack  mission  evaluations  (Reference  84). 

The  NASA  F-8  fiy-by-wire  prog -am  objective  is  to  prove  the  feasibility  of  digital  fly-by-wire  systems.  An  Apollo  LEM 
digital  computer  and  associated  equipment  provides  three  axis  command  augmentation  control  on  an  F-8  via  a  single  digital  channel 
backed  by  triplex  fail-cperationel/foit-tefe  electric  command  channels  in  all  three  axes.  A  tota!  of  18  flights  and  25  flight  hours  have 
bean  accrued  cn  the  Phase  I  digital  FBW  system  as  of  March  29,  1973.  A  total  of  2,200  hours  of  operating  time,  counting  both  flight 
and  iron  bird  simulator  rime,  has  been  accomplished  with  no  failures  in  the  primary  digital  system  (Reference  63). 

The  Sperry  Rand  Corporation,  which  is  a  participant  in  the  F-4  and  F-8  programs,  has  reached  the  following  conclusions 
on  die  status  of  fly-by-wire  technology  f  Reference  49): 

•  Mission  reliability  requirements  o<  fly-by-wire  systems  for  fighter  aircraft  can  be  met  within  today's 
state-of-the-art  redundant  system  techniques  using  quadruplex  and  possibly  triplex  channels. 

e  Todays's  state-of-the-art  electronic  component  technology,  combined  with  redundant  system 
mechanization  techniques,  permits  implementation  of  electronic  command  augmentation  channels  that 
track  with  sufficient  accuracy  to  satisfy  fly-by-wire  system  failure  transient  and  nuisance  susceptability 
requirements. 
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•  BuilMn-T«t  Eqi’ipment  (BITE)  for  preflight  testing  of  a  fly-by  wire  system  is  an  essential  requirement  for 
fly-by-wire  systems. 

3.3  Current  CCV  Developments 

As  evidenced  by  the  foregoing  discussion;  there  has  been  considerable  effort  devoted  to  developing  advanced  flight  control 
technology.  The  results  have  led  to  the  emergence  of  a  "Control  Configured  Vehicle  (CCV)"  technology  directed  toward  optimizing  an 
aircraft  configuration  for  a  given  requirement,  including  controls  and  control  systems  capabilities  as  primary  design  variables,  rather 
than  considering  only  aerodynamics,  propulsion  and  structures  in  the  initial  design  stages.  The  Air  Force  Flight  Dynamics  Laboratory 
awarded  a  CCV  contract  to  Losing  Wichita  (Reference  52)  in  1971  to  design,  install  and  flight  demonstrate  four  advanced  flight  control 
systems  on  a  B-52  test  airplane  (Figure  16).  These  systems  can  be  classified  by  function  as:  1)  ride  control,  2)  augmented  stability,  3) 
maneuver  load  control  and  4)  active  flutter  suppression.  System  performance  will  be  demonstrated  individual,  w>d  simultaneously  to 
verify  compatibility  of  al1  concepts.  System  performance  goals  are  as  follows: 


•  The  Ride  Control  <RC)  system  will  reduce  fuselage  vertical  and  lateral  accelerations  at  the  pilot's  station  at 
least  30  percent  during  flight  through  atmospheric  turbulence. 

«  The  Aug —  .tr  :  Stability  (AS)  system  w  i!  provide  satisfactory  flying  qualities  for  an  a;'craft  configuration 
with  neutral  static  stability. 

•  The  Maneuver  Load  Control  (MLC)  systen.  will  reduo  wing  root  bending  moments  at  least  10  percent  si 
the  flaps  up  flight  condition  that  produces  maximum  wing  root  maneuver  loads. 


•  Thh  Flutter  Mode  Control  (FMC)  system  will  extend  the  basic  eirplane  flutter  placard  speed  (VD)  at  least  30 
pattern. 


FIGURE  16.  B-52  CCV  FLIGHT  VEHICLE 
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FIGURE  17.  B-52  (XV  CONTROL  SURFACES 


Analyses  have  been  conducted  to  determine  optimum  control  surfaces  and  surface  locations  and  sizes  for  each  CCV  concept.  Mew 
control  surfaces  consist  of  *orward  body  horizontal  and  vertical  canards,  three-segment  flaperotu  and  outboard  ailerons  used  with  the 
existing  rudder,  elevators  and  inboard  aileron;.  Control  surfaces  required  by  each  CCV  system  and  surface  locations  are  drawn  in  Figure 
17.  Demonstration  of  a  flutter  mode  contro.  system  necessitated  ballasting  the  external  fuel  tank  to  indu* a  flutter  condition  within 
the  B-52  flight  envelope. 


The  Ride  Control  system,  designed  by  the  AFFDL,  was  flight  tested  early  in  1973.  Typical  flight  test  results,  shewn  in 
Figure  18.  verify  that  the  performance  goal  of  30  percent  vertical  acceleration  reduction  was  attained.  Similar  results  indicate  that 
lateral  accelerations  were  reduced  34  percent.  The  Flutter  Mode  Control  system  was  first  demonstrated  on  2  August  1373  with  a  flight 
10  knots  above  the  airplane  flutter  speed.  Flight  demonstration  of  all  concepts  will  be  completed  late  in  1973  (Reference  52). 


A  structural  mode  control  system  is  being  designed  by  North  American  for  the  B-1  strategic  bomber  to  improve  crew  ride 
qualities  during  turbulence  and  terrain  following  (References  S3  •  55).  A  system  based  on  the  ILAF  technique  will  use  anhedral  canards 
(Figure  19)  completely  dedicated  to  the  ride  smoothing  function.  Canard  surface  deflection  and  rate  limitations  are  +20  degrees  and 
200  degrees  per  second  respectively.  Preliminary  estimates  of  system  performance  at  the  crew  station  are  shown  in  Figure  20.  The 
system  is  not  effective  at  low  gust  magnitudes  because  of  component  threshold  and  hysteresis,  nor  at  high  gust  magnitudes  because  of 
saturation.  The  system  is  designed  to  provide  approximately  70  percent  reduction  in  acceleration  within  the  most  meaningful  gust  range 
in  *erms  of  human  sensitivity  and  probability  of  gust  encounter. 


The  Lockheed  L-105 1  commercial  transport  lateral  axis  vws  designed  around  the  CCV  concept  (Reference  56).  A  mission 
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g  CHEW  STATION  SYSTEM 

i£-  ar,alyjic  approach  accounted  for  the  gust  load  alleviation  capability  of  the  yaw  damper,  and  lateral  gust  design  loads  were  reduced  20 

H  percent.  Design  criteria  and  associatsd  analyses  assumed  the  yaw  damper  is  operative  97  percent  of  the  time.  The  three  |iercent 

e§  inoperative  time  k  conservative,  since  the  yaw  damper  is  faii-operative,  is  fully  elective  with  only  one  channel  operative,  has  an 

expected  failure  rate  of  tes:  then  0.001  per  hour,  and  at  .’east  one  channel  operative  is  required  for  dispatch. 


In  April  1972,  General  Dynamics  Corporation  and  Northrop  Corporation  were  each  awsrded  a  contract  to  build  two 
prctctypes  for  the  U3AF  Lightweight  Fighter  Prototype  Program  (Reference  57).  The  first  ffigPtt  of  each  design  is  scheduled  for  early 
7574.  The  Ger.erci  Dynamics  design,  designated  the  YF-16,  will  have  a  quadrupiy  redundant  fly-by-wire  (5BW)  control  system  wrtbou: 
mechsnrce!  backup.  The  FBW  system  is  integrated  into  the  basic  aerodynamic  configuration,  allowing  the  CG  to  be  moved  further  aft 
than  is  possible  with  s  conventional  configuration.  At  low-alli-ude  subsonic  speeds  the  airplane  has  a  negative  stability  margin  of 
approximately  10  percsni.  Thb  augmented  stability  design  will  result  in  a  significant  reduction  in  drag,  especially  at  high  load  factors 
and  at  supersonic  speeds.  The  effect  wit!  be  to  reduce  trim  drag,  which  indudes  both  the  tail  drag  and  the  change  in  drag  on  the  wing 
due  to  changes  in  wing  lift  required  to  balance  the  download  on  the  tail.  Components  of  the  YF-16  Lightweight  Fighter  FBW  system 
are  shown  in  Figure  21. 


3.4 


Summary  of  CCY  Technology  Status 


Table  IV  summarizes  the  considerable  number  of  CCV  studies  which  have  been  performed  to  investigate  the  potential 
psyoffs  o?  the  technology,  riaurt  22  summsriies  in  bsr  chart  form  the  current  technology  status  of  the  six  CCV  concepts.  In  each  case 
the  length  of  tire  bar  represents  the  most  advanced  epnlication  accomplished  to  date  for  each  concept 


nOUP-F  22.  CCV  TECHNOLOGY  STATUS 
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All  six  CCV  concepts  have  achieved  “proof  of  concept"  flight  test  status  through  the  B-E2  EC?  1195,  LAMS  or  CCV 
programs.  Augmented  stability  and  ride  control  wit  achieve  prototype  test  status  through  the  YF-16  and  8-1  programs,  respectively. 
The  concepts  of  fatigue  reduction  and  gust  load  alleviation  achieved  production  status  first  with  the  8-52  ECP  1195  program.  The 
Active  Lift  Distribution  Control  System  fALDCSr  currently  being  designed  for  retrofit  to  the  C-5A  fleet  accomplishes  fatigue  life 
improvements  by  maneuver  and  gust  load  reductions.  The  Lockheed  L-1011  lateral  gust  design  loads  were  reduced  20  percent  to  take 
credit  for  the  use  of  the  yaw  damper.  The  use  of  active  controls  for  flutter  supprfesior  has  been  demonstrated  in  the  8-52  CCV  Program 
for  a  2.4  Hz  symmetric  wing  bending  and  torsion  >od» 

It  should  be  noted  that  the  use  of  active  controls  for  fatigue  life  improvement  and  ride  control  imposes  a  much  less  severe 
reliability  criteria  on  the  system  design  than  does  use  of  controls  for  augmented  stability,  maneuver  load  control,  gust  load  alleviation 
or,  especially,  flutter  mode  control. 

To  date  the  prototype  YF-16  airplane  is  the  most  advanced  example  of  CCV  technology,  incorporating  a  fly-by-wire 
control  system  with  no  manual  backup,  and  using  augmented  stability  for  improved  maneuvering  capability  to  a  greater  degree  than 
ever  before. 


Cf  those  concepts  which  heve  achieved  production  status,  only  the  L-1011  usage  described  above  actually  affected  the 
design  of  structure  in  a  new  airplane.  The  B-52  ECP  1195  and  C-5A  ALDCS  usages  were  to  alleviate  existing  problems  and  were  not 
used  to  reduce  the  amount  of  structure  m  the  airplane.  Nevertheless  the  success  of  these  applications  provides  confidence  towards  using 
them  to  a  greatar  degree  in  future  aircraft 

4.Q  CCV  TECHNOLOGY  DEVELOPMENT  REQUIREMENTS 

Hr/ing  discussed  the  CCV  state-of-the-art  from  the  point  of  view  of  the  airplanes  which  have  been  studied  and/or  modified, 
each  of  the  sir  CCV  concepts  will  now  be  examined  separately  to  determine  where  further  technology  advances  mutt  be  made  to 
encourage  wider  application  of  CCV  technology  in  airplane  design. 

Performance  benefits  which  accrue  from  application  of  CCV  concepts  are  strongly  configuration  dependent  For  bombers 
and  transports,  the  largest  payoff  appears  to  be  offered  by  AS,  through  reduced  empennage  size,  with  the  asocvS-T  drag  and  weight 
reductions.  For  theU.SSST  both  AS  and  FMC  offered  very  significant  weight  advantages,  and  for  STOL  aircrrirGLA  appears  quite 
fruitful.  MLC  and  RS  offer  less  significant  payoffs. 

For  fighters  the  bene*  ts  of  AS  and  MLC  are  more  likely  tc  be  of  importance  in  improved  maneuvering  and  excess  specific 
power  advantages  FMC  may  allow  a  wider  selection  of  external  weapons  to  be  carried.  Since  fighters  tend  to  be  designed  to  higher  load 
factors  than  bombers  or  transports,  the  benefits  of  GLA  and  FR  are  likely  to  be  less  significant  RC  offers  crew  comfort  and 
performance  benefits  during  low  altitude  high-speed  flight 

4.1  Augmented  Stability  (AS) 

The  most  common  use  of  AS  in  aircraft  today  is  yaw  damping  to  improve  Dutch  rdil  characteristics.  In  some  cases 
safety-of- flight  considerations  cause  limiting  cf  the  aircraft  flight  envelope  with  one  channel  of  the  yaw  damper  failed. 

Technokjgy  improvements  In  several  trass  must  be  accomplished  before  an  AS  system  will  be  utilized  for  anything  except 
limited  application-  Design  criteria  for  such  systems  need  to  be  developed,  to  fully  address  on  a  mission  bans  the  questions  of 
redundancy  and  reliability.  The  "Hard  SAS"  criteria  of  the  U.S.  SST;  Lc..  no  failures  expected  in  the  total  lifetime  of  an  SST  fleet 
(Reference  45)  is  realistic,  though  perhaps  diffjcu't  to  achieve.  Tc  hilly  utilize  the  CCV  preliminary  design  philosophy,  methods  of 
developing  accurate,  rapidly  iterative  eeroeiastic  mathematical  models  must  be  improved  in  order  to  assess  the  effects  md  payoffs  of  the 
AS  system.  Detailed,  accurate  weights  estimations  of  the  AS  system  during  preliminary  design  become  increasingly  siy.ificent  in  that 
the  payoff  analyses  are  critically  dependent  on  them.  There  is  en  additional  requirement  to  develop  Improved  methods  for  predicting 
nonlinear  aerodynamic  charactaristicf  for  elastic  vehicles  at  high  angles  of  attack  and  yaw,  because  nonLuearitis*  complicate  the  design 
of  the  control  system.  The  use  of  aaroeJesrx  wind  tunnel  model*  with  active  control  systems  is  a  tool  which  offers  considerable  ptwv.- 
in  CCV  airplane  design,  but  one  which  needs  development  to  a  level  commensurate  with  the  risks  being  assumed. 

When  the  system  design  is  accorru.iished,  hardware  reliability  must  be  assured,  both  from  a  component  and  total  system 
point  of  view.  This  may  be  accor%  'ished  by  use  of  service  proven  components  with  striopait  requirements  on  selection,  derating, 
acceptance;  testing  and  burn-in.  Use  of  functional  full  scale  "irorr  bird"  flight  control  system  mockuCi  provides  a  means  of  debugging 
the  system  id  achieving  confidence  in  hssitwfactrry  operation. 

Control  system  fabrication  techniques  must  be  extremely  high  quality.  This  will  require  increase?  rigor  in  assembly, 
inspection  and  testing  prior  to  flight-  Improved  maintenance  and  testing  technx+.'et  will  be  called  for  once  the  system  is  installed. 
Built-in  test  equipment  which  utilize*  self-tast  techniques  will  be  an  integral  element  of  the  total  flight  control  system. 

4.2  Gust  Load  Alleviation  (GLA) 

The  GLA  feature  of  the  8-52  EC?  1195  and  LAMS  programs  must  be  considered  nonsefety-of-fligbt  critical  because  no 
structure  was  removed  when  the  system*  were  incorporated.  The  reduction  of  lateral  gust  design  loads  in  design  o'  the  Lockheed 
L-1011  more  fully  utilized  the  benefits  of  GLA  and  safety  sra*  provided  with  a  feil  operative  yrw  damper.  Reliance  on  a  full-time  G LA 
system  to  prevent  catastrophic  vertical  gust  overloads,  with  cocrespotxSng  benefits  in  lighter  structure,  b  yet  to  be  accomplished.  In 
general  the  requirement!  for  teebnotogy  dereiopmen t  to  support  the  use  of  G LA  ere  similar  to  these  for  AS,  above. 

43  Maneuver  Load  Control  (MLC) 

The  CCV  8-52  MLC  system  hs*  demonstrated  the  fatribility  of  the  MLC  concur.  The  C-5A  Active  Lift  Distribution 
Control  System  is  the  first  fleet  application  of  the  concept.  Incorporation  of  MLC  into  preliminary  design  cf  new  airplanes  require* 
development  of  technology  similar  to  that  already  discussed  above  for  GLA  and  AS. 


4.4 


Fatigue  Reduction  (FR)  and  Ride  Control  (RC) 
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These  two  concepts  arc  listed  together  because  they  are  both  nonsafety-of-flight  and  are  ready  today  for  production 
commitment  for  those  applications  where  they  can  be  shown  to  pay  off.  These  two  concepts  are  regarded  as  ncnssfety-of-flight  because 
failure  of  a  properly  des'gned  FR  or  RC  system  merely  reverts  the  airplane  back  to  a  higher  fatigue  damage  rate  (or  rougher  ride)  for 
that  period  of  time  when  the  system  is  off. 

4.5  Flutter  Mode  Control  (FMC) 

Of  all  CCV  concepts,  FMC  is  perhaps  the  most  sensitive  to  configuration,  especially  wing  planform  and  thickness.  Because 
of  this  sensitivity,  the  potential  payoffs  must  b«  investigated  in  great  depth  with  high-quality  trade  studies  prior  to  acceptance  of  FMC 
in  a  design.  Improved  prediction  methods  for  three-dimensional  unsteady  aerodynamic  forces  are  needed  for  such  analyses 

The  effects  of  manufacturing  toieranct-s  on  flight  control  system  operation  are  like!'  to  be  mote  critical  for  FMC  than  for 
the  other  CCV  concepts.  Methods  of  predicting  these  tolerances  and  accounting  for  their  effects .  .*ist  be  developed-  If  a  FMC  is  reiied 
upon  full  time  within  the  normal  flight  envelope,  the  system  mutt  meet  the  HSAS  reliability  criteria.  Less  reliability  may  be  required  if 
the  system  is  needed  only  in  emergency  conditions  with  a  low  probability  of  occurrence. 

It  may  be  porsible  to  design  a  FMC  system  which  is  self-adaptive  tc  changes  in  flight  environment  and  airplane 
configuration.  Confidence  in  such  a  system  would  be  strengthened  by  wind-tunnel  and  subsequent  flight  test  demonstration  of  a  FMC 
system  which  stabilizes  higher  frequency  f  luttfct  modes  than  the  2,4  Hz  mode  demonstrated  in  the  CCV  B-52  program. 

4.6  Summary  of  CCV  Technology  Development  Requirements 

Table  V  summarizes  briefly  those  areas  of  technology  where  advances  are  needed  before  wide-spread  use  of  the  CCV  design 
philosophy  will  occur.  These  requirements  may  be  summarized  into  three  main  areas: 

•  Reliability  development  and  verification  •  Economic  payoff  trades  development 
•  Improved  preliminary  design  techniques 


diagram*  representing  possible  methodologies  of  achieving  technology  advancements 
toward  wider  application  of  CCV  concepts.  Research  results  would  be  applicable  to  the  entire  field  of  advanced  flight  control  system 
design  as  well  as  to  CCV  technology. 


FIGURE  24.  CCV  TECHNOLOGY  DEVELOPMENT  REQUIREMENTS 
I  -  RELIABILITY  DEVELOPMENT  AND  VERIFICATION 


FIG  LIE  24.  CCV  TECHNOLOGY  DEVELOPMENT  REQUIREMENTS 
II  -  ECONOMIC  PAYOFF  TRADES 
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FIGURE  25.  CCV  TECHNOLOGY  DEVELOPMENT  REQUIREMENT 
HI  -  IMPROVED  PRELIMINARY  DESIGN  TECHNIQUES 

Present  methods  of  ufirg  "iron  birds"  to  develop  confidence  in  system  reliability  can  be  easily  expanded  to  incorporate 
CCV  systems  (Figure  23).  Some  improvements  in  analytical  techniques  for  predicting  component  and  system  reli&Dility  and  safety 
criticality  would  be  helpful.  Use  of  flight  simulators  for  evaluation  of  the  safety  criticality  of  ar  u  particular  system  or  component 
failure  will  continue  to  be 


CCV  concepts  will  be  used  only  when  clear-cut  advantages  accrue  from  doing  so.  economic  payoff  trades  (Figure  24)  must 
be  of  highest  possible  quality,  which  means  that  trade  study  inputs  such  as  system  weights  and  costs  nrjst  te  weil  defined,  the  costs  of 
additional  analyses,  laboratory  tests,  improved  fabrication  techniques  and  new  maintenance  requirements  may  be  increased  and  must  be 
accounted  for.  Impact  of  CCV  systems  on  cost  of  ownership  is  difficult  to  assess,  but  must  be  dene  in  order  to  measure  the  long-term 
advantages. 


Figure  25  summarizes  some  of  the  areas  where  improved  preliminary  design  techniques  are  needed  to  aid  incorporation  of 
CCV  concepts  There  presently  is  a  lack  of  design  criteria  for  airplanes  which  include  CCV  concepts,  y or  example,  how  should  control 
surface  power  be  split  between  cc  itrol  functions  and  CCV  functions?  Should  "dedicated"  CCV  surfaces  be  used  instead  of  one  surface 
being  used  to  accomplish  sever*!  fu.xtions?  What  criteria  for  acceptability  of  failure  (and  hence,  redundancy)  should  be  applied  to  a 
CCV  system?  Obviously,  the  criteria  is  not  the  sams  for  a  FMC  system  and  a  FR  system.  Should  several  CCV  systems  be  combined  in  a 
single  "black  box"  or  should  they  be  separated  physically  and  functions!!*?  These  are  only  a  few  of  the  ffta»,y  criteria  questions  which 
need  to  be  addressed.  The  revised  version  of  MIL-F-9490C  which  is  now  being  prepared  by  Boeing- Wichita  under  AFFDL  contract  will 
provide  guidance  toward  the  development  of  Light  control  system  reliability  and  redundancy  criteria.  The  specification  ts  being 
designed  to  be  compatible  with  FBW  and  CCV  concepts  and  will  describe  the  analyses,  ground  tests  and  flight  tests  necessary  to 
demonstrate  adequate  flight  control  system  performance  and  reliability. 

The  interplay  between  control  system  criteria  and  structural  criteria  becomes  extremely  important  in  the  airplane  design  if 
the  GLA  system  is  to  be  lefied  upon  to  prevent  catastrophic  overloads.  How  much  authority  should  the  GLa  system  ass  me?  For 
maximum  weight  reduction  the  GLA  system  may  be  very  authoritative.  Should  a  FMC  system  operate  throughout  the  flight  e  welope  or 
be  used  only  to  achieve  a  flutter  margin  beyond  the  dive  speed?  Here  again  these  questions  are  only  a  few  of  those  wfct'  ft  must  be 
answered. 
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Ride  q>ja!'»v  ••fitefio  net!?  to  be  established  in  terms  which  are  me»  'ngful  to  the  airplane  and  control  system  designer. 
Presently  missing  a«e  crite.  >  H  me •  w  *rsquency  end  of  the  vibration  spectrum  where  humans  are  most  susceptible  to  motion  sickness. 

One  of  the  most  sicn. /.cent  difficulties  in  analysts  is  the  present  state-of-the-art  of  aeroeiastic  mathematical  modelling.  CCV 
control  system  syntheses  ocouire  a  a.  vtv.(  mathematical  model  of  the  aircraft  structural  and  aerodynamic  characteristics.  For  example 
the  B-52  math  models  used  in  the  LANS*.  ECP  1 195  and  CCV  program  analyses  had  as  many  as  30  degrees  of  freedom  in  each  axis. 

Approximately  three  months  t, )  .'tfefwntly  required  to  develop  an  adequate  math  model  of  a  large  flexible  aircraft  for  CCV 
system  synthesis.  This  length  of  time  make*  .  tsesa'.int  of  potential  CCV  benefits  very  difficult  during  preliminary  design  activities.  In 
addition  the  accuracy  of  current  math  modeling  t&'.J.niques  is  not  well  defined,  and  as  a  result  industry  lacks  the  technology  and 
confidence  necessary  for  committing  critical  CCV  functions  to  production.  Improvement  in  math  modelling  techniques  will  be  a  large 
factor  towards  incorporation  of  CCV  techniques  in  arolane  design.  An  alternate  approach  is  to  design  control  systems  which  are 
insensitive  to  math  model  accuracy. 

In  the  past,  wind-tunnel  testing  qf  dynamically  ~.uled  airplane  models  has  proven  economically  desirable  to  predict 
airplane  dynamic  characteristics  prior  to  flight  testing.  eirrreft  become  more  dependent  or.  stability  augmentation  systems, 
wind-tunnel  testing  of  aeroeiastic  models  to  prove  Cw.irro!  cSfieepv.  suiit  become  increasingly  mote  ettractive  forreducing  flight  testing, 
as  discussed  in  Reference  58. 

Consequently,  in  1967,  AFFDL  and  NASA-Lang,Vy  jointly  initiated  ^  program  to  demonstrate  an  active  modal  suppression 
system  on  a  one-thirtieth  scale  8-52E  aeroeiastic  model  in  the  tangle;  t*  ansonic  dynamics  tunnel.  This  model  includes  aileron  and 
elevator  actuation  systems  and  provisions  for  a  cable  mount  system  (Reference  59).  Model  gust  responses  have  been  obtained  using  the 
airstream  oscillator  system  installed  in  the  tunnel  (Reference  60).  Boeing- Wich;ta  is  assisting  NASA  in  developing  a  ride  smoothing 
system  for  the  model  using  50  Hz  bandwidth  aileion  and  elevate*-  actuation  system.  Subsequently,  canards  and  flaperons  were  added 
for  RC  and  FMC  testing,  which  is  now  necring  completion.  In  1974  a  MLC  system  vvl:  tested. 

In  addition  wind  tunnel  tests  are  being  conducted  at  NASA-Langley  on  ,» SST  wing  model  which  utilizes  a  FMC  system 
(References  61  and  62).  Wider  use  of  such  models  will  be  of  great  benefit  in  CCV  system  synthesis  and  test. 

improved  analysis  techniques  for  hydraulic  and  electric  power  systems  are  requiieri  primarily  to  improve  weight  and  tost 
estimating  accuracies,  for  inputs  to  the  economic  tradeoff  nalyses.  As  noted  earlier,  improvements  in  reliability  and  safety  criticality 
analysis  techniques  would  be  useful. 

5.C  CONCLUSIONS  AND  RECOMMENDATIONS 

The  performance  benefits  of  the  CCV  concepts  have  been  demonstrated  by  a  considerable  number  of  ruirties  and  flight 
tests.  To  date  CCV  has  been  applies  where  a  significant  payoff  was  shown  to  result  (U.S.  SST,  YP-16).  and  where  benefits  could  be 
achieved  with  low  risk  (L-1011).  As  confidence  is  gained  in  CCV  capabilities,  civil  and  military  aiicraft  regulations  will  be  revised  to 
take  advantage  of  the  benefits  offered. 

The  asceptcncc-  of  CCV  technology  in  aircraft  design  will  be  accelerated  in  proportion  to  the  research  effort  exerted  to 
solve  the  problems  of  reliability  development  and  verification,  economic  payoff  trades,  and  improved  preliminary  design  techniques, 
including  development  of  design  criteria  and  improved  analysis  techniques.  Support  of  this  research  offers  very  worthwhile  payoffs,  and 
is  recommended  on  a  high  priority  basis. 
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SUMMARY 

The  preliminary  design  process  had  significant  influence  on  the  C-5  avionic  flight  control  system  development,  pro¬ 
duction,  and  operational  cost.  The  design  decisions  made  during  the  preliminary  design  phase  relative  to  the  stability 
augmentation  systems  illustrate  the  extent  of  the  impact  on  the  design,  test,  manufacture,  ond  installation  of  the  avionic 
systems.  These  decisions  lie  mainly  in  the  areas  of  mission  success  capability,  airplane  safety,  reliability,  survivability, 
ond  human  factor  characteristics  ond,  for  the  illustrative  stability  augmentation  systems,  the  aircraft's  handling  qualities. 
The  design  processes,  including  the  subsystem  integration  with  the  airfrome  ond  with  other  functional  subsystems,  influenced 
the  cost  of  the  C-5  program.  Experience  gained  from  this  program  may  lead  to  improvements  in  preliminary  design  decision 
making  procedures. 

DEFINITIONS 

DUTCH  ROLL  -  A  lateral -directional  dynamic  oscillatory  motion  of  the  airplane  characterized  by  a  short  period 
end  a  low  damping  ratio. 

DYNAMIC  PRESSURE  -  Pressure  produced  by  the  velocity  of  on  airplane. 

FAILURE  -  State  of  improper  functioning  of  a  subsystem  component. 

FAIL-OPERATIVE  -  Description  of  a  subsystem  which  con  provide  normal  functional  performci.ce  following  o  failure 
of  a  component. 

FAIL-SAFE  -  Description  of  a  subsystem  which  cannot  result  in  a  hazardous  condition  following  a  failure  of  a 
component. 

FEEDBACK  -  A  measured  signal  of  on  airplane  response,  such  os  pitch  rote,  which  is  amplified  and  fed  bock  to  a 
control  surface  octuator  to  provide  airplane  guidonce  or  to  improve  stability. 

FLIGHT  SIMULATION  -  A  development  teal  which  allow,  pilot  evaluation  of  the  airplane  handling  qualities  per¬ 
formance.  It  normally  consists  of  a  cockpit  with  manual  controls  and  appropriate  flight  instruments,  a  visual  display 
providing  pilot  cue  of  the  landing  area  and  a  comput  v  which  provides  the  mathematical  model  real-time  computation  of  the 
airplane  motion. 

HARDWARE  -  Tangible  form  of  a  subsystem. 

M4CH  TUCK  -  A  nose  down  pitching  moment  tendency  of  an  oirplone  as  it  occelerotes  in  the  transonic  speed 

region. 


/  ‘EAN  AERODYNAMIC  CHORD  -  Average  airfoil  section  of  a  wing. 

PHUGOID  -  A  iongitudin  <i  dynamic  flight  oscillatory  motion  characterized  by  o  long  period  ond  o  low  damping 

ratio. 


ratio. 


SHORT  PERIOD  -  A  longitudinal  dynamic  osci'lotory  motion  characterized  by  o  short  period  ond  a  high  damping 


SPIRAL  -  A  lateral-directional  dynomic  mode  of  the  airplane  which  is  characterized  by  a  slow  spiraling  motion 
fallowing  an  upset  from  trim. 

SUBSYSTEM  -  A  group  of  interfacing  components  providing  an  independent  function  in  support  of  the  system 
performance. 

SYSTEM  -  An  airplane  designed  to  perform  given  missions  composed  of  numerous  integrated  subsystems  supporting 
the  performance. 


VENDOR  -  A  hardware  manufacturing  subcontractor  which  designs  ond  produces  one  or  more  subsystems  for  installa¬ 
tion  on  on  airplane. 
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INTRODUCTION 

The  preliminary  design  process  for  on  airplane  influences  the  final  design,  and  therefore  cost,  in  a  complex  manner. 
By  examining  the  design  development  and  integration  of  a  portion  of  the  avionic  flight  control  system  of  the  C-£  airplane  a 
number  of  the  facets  of  this  process  reveol  lessons  which  may  aid  in  preliminary  design  of  future  systems.  The  factors  facing 
airplane  designers  in  their  endeavors  to  create  an  optimum  airplane  have  increased  in  number  and  influence  in  the  past  two 
decades.  This  increase  has  been  caused  by  increased  functional  demands  cr.d  resulting  complexity  of  the  airplane. 


C-5  DESIGN  PROCESS 

Design  decisions  were  made  continuously  throughout  the  various  phases  of  the  C-5  program  concoming  configuring 
the  flight  control  subsystems.  Eoch  phase  of  development  provided  a  different  design  enviror  ment  in  which  decisions  were 
made  thus  influencing  the  import  of  each  design  judgment.  The  total  design  process  for  the  C-5  involved  four  distinct 
phases  i  I  lustrated  in  Figure  1 .  The  phases  were: 

long  Range  Heavy  Logistics  System  Airframe  Stt  y  Program  (CX-HLS)  (Ref.  1) 

C-5  Support  System  Project  Definition  Phose  (POP)  (Ref.  2) 

C-5  Design  Phase 
C-5  Production  Those 

The  first  phase  of  the  design  process  was  a  system  def  ini  Hon  period  consisting  of  parametric  ond  trade  studies.  These 
studies  defined  the  Heavy  Logistics  System  mission  requirement  for  payload,  range,  ond  compartment  size  and  created  a 
recommended  airplane  conceptual  design  for  i“ost  effectiveness  evaluations.  This  was  the  embryo  phase  of  the  uitra  large 
transport  airplane. 

The  second  .'has*,  the  C-5  Project  Definition  Phase,  provided  a  complete  detailed  preliminary  design  effort  which 
resulted  in  a  C-5  system  proposal  derailing  a  recommended  airplane  with  the  how,  when,  ond  where  it  wculd  be  de1-  eloped, 
tested,  and  produced.  The  functional  concepts  for  eoch  subsystem  were  devised  during  this  development  period. 
Lc-ckheed-Georgia  Company  was  awarded  the  contract  at  the  end  of  this  phase  to  accomplish  the  last  two  phases. 

The  third  period  was  the  final  phase  in  which  the  normal  steps  of  airplane  design  and  test  were  accomplished  to 
meet  the  conceptuol  requirements  established  In  the  second  phase. 

The  last  phase,  the  Production  Phase,  consisted  of  construction  ond  c:«embly  of  the  airframe,  the  ermines,  ond  the 
multitude  of  subsystems  into  o  flyable  ond  service-able  airplane.  This  phase  was  achieved  concurrently  with  development 
and  test  so  the  airplanes  would  be  quickly  uddeu  to  the  U.  S.  Air  Force  inventory. 


AVIONIC  FLIGHT  CONTROL  SUBSYSTEM  DESIGN  PROCESS 

To  illustrate  the  influence  of  decisions  mode  in  the  development  of  the  many  ond  muitifunctionir.  r  vionic  subsystems 
shown  in  Figure  2,  the  discussion  will  be  focused  on  the  subsystems  which  provide  a  stable  cirplane  for  iHnmcl  manual  flight 
and  for  automatic  control  of  flight.  These  ore: 

Trim  Compensator  Subsystem 
Pitch  Augmentation  Subsystem 
Yaw  Augmentation  Subsystem 
Lcteral  Augmentation  Subsystem 

A  fifth  subsystem,  the  primary  flight  roll  control  system,  had  a  profound  influence  «i  the  development  of  the  lateral 
ond  yow  augmentation  subsystems  although  it  does  not  directly  provide  stability  to  the  oirtirume. 

Trim  Compensation  Subsystem 

The  trim  compinsotion  subsystem  is  ca  artificial  stability  device  \/hieh  cugment*  the  longitudinal  stotic  speed 
stability  of  an  airplane  primarily  in  the  tronsonic  speed  regions.  During  the  CX-HLS  study  phase  the  results  of  wind  funnel 
tests  indicoted  that  the  Mcch  tuck  tendency  of  the  stuc'v  airplane  did  not  hove  sufficient  influence  to  require  o  trim  com¬ 
pensation  subsystem  on  the  airplane.  The  history  of  the  trim  compensation  subsystem  operation  on  the  Lockheed  C-l 41 
airplane  whose  configuration  wos  t.-mlcr  to  the  recommended  CX-HLS  airplane  olso  supported  the  absence  of  Mach  tuck 
effects  in  normal  operational  conditions,  thus  the  recommended  CX-HL5  ci’.ptone  in  ’?64  did  not  hove  a  trim  compensation 
subsystem. 

During  the  Project  Definition  Phase  of  the  C-5,  subsequent  wind  tunnel  tests  indicated  a  more  aggravated  Mach  tuck 
effect  ond  supported  a  need  for  a  trim  compensation  subsystem  using  Moch  number  at  high  altitudes,  high  speeds  ond 
dynamic  pressure  at  very  iow  altitudes,  high  speeds. 

The  proposed  subsystem  introduced  pitching  moments  Ity  operating  inboard  elevators  through  electrohydroglic 
actuators  to  accomplish  its  stabilizing  functions.  The  product  configuration  requirement  (Ref.  3)  stated  r,\ot  a  trim  com¬ 
pensation  subsystem  wos  needed  ond  wos  to  be  a  fail-safe  subsystem. 
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During  the  Design  Phase  when  the  functional  details  of  the  subsystems  were  in  development  it  was  decided,  based  on 
additional  wind  tunnel  data  to  remove  the  dynamic  pressure  input,  to  include  a  Mach  rate  for  phugoid  damping  and  to  use, 
in  lieu  of  the  inboard  elevators,  a  horizontal  stabilizer  actuation  system  which  was  to  be  similar  to  the  trim  compensation 
actuation  scheme  effective  on  the  G-14K 

Later,  after  the  trim  compensation  subsystem  procurement  was  initiated  ond  hardware  development  begun,  the 
dynamic  pressure  input  was  reinstated  with  expanded  operation  in  the  low  altitude,  low  speed  flight  regime. 

During  the  trim  compensation  subsystem  endurance  testing  of  the  horizontal  stabilizer  actuator,  problems  developed 
caused  by  the  high  frequency  cn-off  operation  of  the  e'ectrohydraulic  actuator.  Lengthy  additional  development  tests  ond 
design  efforts  were  required  to  provide  an  adequate  octuation  interface. 

As  initial  flight  te;is  of  the  trim  compensation  subsystem  were  made  to  evaluate  the  subsystem  performance,  it  was 
evident  that  Mach  rate  was  not  on  adequate  flight  parameter  with  which  to  improve  the  long  period  phugoid  stability.  Thus 
a  corrective  design  effort  was  required  involving  analyses,  flight  simulation,  ond  flight  testing  to  reploce  tho  Mach  rate 
with  True  Airspeed  Rate  signals.  An  acceptable  subsystem  was  acquired  and  in  production  in  time  for  the  U.  S.  Air  Force 
acceptance  flight  testing. 

Static  longitudinal  stability  was  increased  by  the  trim  compensation  subsystem  os  illustrated  in  Figure  3.  With  the 
subsystem  operative  the  cruise  neutral  stability'  points  of  the  C-5  were  well  aft  of  the  design  oft  limit  of  center  of  gravity 
position  by  32  percent  mean  aerodynamic  chord.  The  basic  airplane  with  the  subsystem  inoperative  displayed  neutral 
stability  close  to  estimated  data  which  were  also  safely  aft  of  the  design  limit  (Ref.  4). 

This  prompted  the  test  team  to  perform  a  series  of  tests  to  determine  if  it  was  possible  for  the  pilots  to  detect  the 
difference  in  airplane  speed  stability  as  influenced  by  the  trim  compensation  subsystem.  The  pilots  performed  a  range  of 
evaluation  tasks  unaware  of  whether  the  subsystem  was  engaged  or  not  making  guesses"  of  the  operational  status  of  the 
trim  compensation  subsystem  and  denoting  the  airplane  handling  qualities.  During  the  tests  the  pilots  guessed  the  status 
correctly  40.5  percent  of  the  tests,  were  incorrect  29.8  percent  of  the  trials  and  they  could  net  detect  the  tirference  in 
stability  in  29.7  percent  (Ref.  4). 

After  this  thorough  flight  evaluation  of  the  C-5  static  longitudinal  stability  characteristics,  the  Air  Force  Test  Team 
recommended  that  the  trim  compensation  subsystem  be  deleted  from  the  production  aircraft  (Ref.  4). 

What  were  the  influencing  foctors  that  would  cause  a  decision  to  add  this  s.jbility  augmentation  subsystem  to  the 
C-5  long  after  the  longitudinal  static  speed  stability  was  jucfcjed  to  be  adequate  and  o  trim  compensation  subsystem  was 
determined  not  to  be  required,  only  to  be  deleted  from  the  production  oirplane?  The  major  cause  was  concern  for  flight 
safety  in  the  critical  transonic  region. 

The  major  effect  of  this  design  program  was  the  early  requirement  for  on  unneeded  subsystem  which  in  turn  caused 
unnecessary  expenditures  toward  two  interfacing  subsystems.  It  is  highly  unlikely  that  this  expenditure  could  hove  been 
prevented  due  to  the  hazards  of  improperly  recognized  transonic  effects.  All  Mach  trim  compensators  have  a  design  process 
history  similar  to  that  of  the  C-5  subsystem.  Wind  tunnel  doto  determines  the  initial  requirement  for  these  subsystems,  but 
flight  test  evaluations  provide  the  basis  for  the  final  decision.  The  U.  S.  Air  Force  flight  test  team  deemed  the  longitudinal 
static  speed  stability  to  be  adequate  throughout  the  flight  envelope  including  the  high  Mach,  high  altitude  regime.  Safety 
of  flight  demanded  the  presence  of  this  subsystem  until  proven  unnecessary  in  flight  test. 

Pitch  Augmentation  Subsystem 

The  recommended  CX-HLS  airplane  was  found  to  possess  adequate  longitudinal  short  period  damping  and  response 
characteristics  as  specified  by  MIL-F-8785A  (Ref.  5). 

A  trade  study  during  the  Project  Definition  Phase  period  eveluated  the  credibility  of  newly  established  short  period 
oscillatory  requirements  evolving  at  that  time  from  supersonic  transport  studies.  This  trade  study  found  the  C-5  damping 
adequate  but  noted  *lat  the  pitch  response  was  inadequate. 

The  C-5  oirpl  ne  proposal  recommended  a  fail  safe  pitch  control  modulator  using  pitch  rote  andcontrci  stick  posi¬ 
tion  signals  to  improve  the  pitch  response.  Compensatfog  inputs  were  sent  to  the  outboerd  elevators  using  uri  electrohy- 
draulic  servomotor.  This  system  was  developed  without  the  benefit  of  piloted  flight  simulation  evaluations. 

Prior  to  the  selection  of  on  automatic  flight  control  system  manufacturer,  flight  simulation  evaluations  indicated 
that  the  C-5  possessed  nominol  pitch  response.  The  proposal  of  the  contracted  manufacturer  recommended  a  pitch  augmenta¬ 
tion  subsystem  with  stick  input  for  pitch  quickening  ond  pitch  rate  for  damping.  A  fail-safe  signal  went  to  on  electro- 
hydraulic  servomotor  operating  the  outboard  elevators.  During  the  Design  Phase  this  subsystem  experienced  many  simulator 
evaluations  and  configuration  modifications  but  the  subsystem  at  first  flight  still  used  stick  position  and  pitch  rate  feedback 
signals. 


During  this  phase  three  major  ebenges  were  mode  to  the  pitch  ougmer.  otion.  The  subsystem  was  modified  to  be 
fail -operational  requiring  triple  redundant  electronics.  The  second  alteration  wc,  fne  replacement  of  the  electrohydrcuiic 
servomotor  with  on  electrohydroulic  valve  arrangement  on  the  primory  surface  servooctuafor.  There  two  changes  were  also 
incorporated  on  both  the  lateral  and  yaw  augmentation  subsystems  and  the  decision  to  do  so  was  mode  just  priei  to  avionic 
vendor  selection.  The  third  modification  come  late  in  the  design  phose  resulting  from  flight  simulation  evaluations.  The 
operation  was  enlarged  to  include  the  cruise  as  well  as  the  approach  and  landing  configurations. 
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The  longitudinal  short  period  oscil'ctory  characteristics  for  the  C-5  are  presented  in  Figure  4  (Ref.  7).  The  landing 
and  power  opprooch  configurations  do  nut  meet  the  supersonic  transport  oriented  criteria  indicated  but  this  criteria  were  dis¬ 
corded  during  the  flight  simulation  evaluations.  The  Air  Force  Test  Team  reported  the  unaugmented  oscillations  to  be 
essentially  deadbeat  throughout  the  flight  envelope,  but  the  damping  provided  by  this  subsystem  was  beneficial  during  the 
inflight  refueling  maneuver  (Ref.  4).  Thu*  the  subsystem  on  the  airplane  today  includes  only  minimum  pitch  rote  damping. 

The  subsystem  experienced  a  design  cycle  from  nonexistence  to  a  complex,  sophisticated  controller  back  to  a 
nominally  operative  subsystem.  The  design  effort  required  a  lorge  expenditure  of  manpower  affecting  the  change  of  sub¬ 
system  hardware  well  info  the  production  st.<ge.  Could  this  have  been  prevented  or  at  least  kept  to  a  minimum?  The  major 
factors  influencing  this  design  cycle  were: 

Unknown  handling  qualities  criteria  of  on  ultralarge  transport  aircraft 

Advent  of  new  flight  simulation  development  technique 

Design  schedule  restraints 

It  is  improbable  that  this  subsystem  could  have  been  configured  to  its  final  form  without  major  modifications.  The 
introduction  of  unproven  supersonic  transport  design  criteria  and  the  flight  simulation  development  method  provided  a 
"learning  curve"  situation  which  could  only  peok  during  flight  test. 

Yaw  Augmentation  System 

The  CX-HLS  airplane  possessed  adequate  Dutch  Roll  characteristics  when  compared  to  the  requirements  of 
Specification  MIL-F-3785A  (Ref.  5) .  A  simple  yaw  rote  damper  was  added  to  improve  the  directional  handling  qualities. 
The  stability  and  control  trade  study  conducted  during  the  Project  Definition  Phase  further  emphasized  the  odequacy  of  the 
basic  airplane  Dutch  Roll.  The  C-5  Proposal  report  recommended  a  yaw  rote  damper  with  control  wheel  position  included 
to  improve  the  turn  coordination  which  was  degraded  by  the  yaw  rate  input. 

At  contract  award,  two  very  demanding  requirements  were  imposed  on  the  oirplone  which  caused  significant 
changes  to  the  yaw  augmentation  as  well  as  the  lateral  augmentation  yet  to  be  discussed.  The  first  was  the  definition  of  a 
critical  200  feet  lateral  offset  maneuver  to  be  performed  during  approach  to  landing.  Passing  through  cloud  cover  at  200 
feet  altitude  on  an  approach  to  leading  and  encountering  on  offset  of  200  feet  from  the  runway  centerline  this  would  prove 
to  be  the  most  demanding  maneuver  required  of  the  aircraft.  This  maneuver  is  illustrated  in  Figure  5.  To  ensure  adequate 
roll  maneuver  ability  a  requirement  was  imposed  to  achieve  a  bonk  angle  of  8  degrees  in  the  first  second  following  maximum 
control  wheel  input  in  the  power  approach  and  landing  configurations. 

Extensive  piloted  flight  simulation  studies  were  conducted  involving  this  critical  maneuvering  configuration  during 
the  Design  Phase.  The  8  degrees  bank  angle  demand  in  the  maneuver  created  a  manual  primary  roll  control  system  capable 
of  producing  extremely  high  roll  rate  capabilities.  These  high  rates  caused  turn  entry  coordination  problems  which  were 
solved  by  o  more  complex,  multifeedbock,  yaw  augmentation  subsystem  than  originally  proposed.  Mission  success  bred  o 
foil -operational,  fail-safe  configuration.  The  requirement  of  on  8  degree  bonk  angle  in  the  first  second  was  not  achieved 
as  is  illustrated  in  Figure  6  (Ref.  7).  However,  during  flight  test  evaluations,  the  U.  S.  Air  Force  test  team  judged  the  roll 
performance  of  the  aircraft  to  be  satisfactory  and  stated  thn*  "from  200  feet  altitude  and  200  feet  offset  there  appeared  to 
be  no  problem  getting  the  aircraft  aligned  with  the  runway"  (Ref.  6). 

T*» 6  ability  of  this  subsystem  to  coordinate  oirplone  turn  entry  is  provided  in  Figure  7.  The  sideslip  angle  resulting 
from  a  maximum  manual  roll  control  command  with  the  augmentation  operative  is  about  one-half  the  sideslip  with  the  sub¬ 
system  disengaged.  The  damping  effects  are  illustrated  in  Figure  8  (Ref.  7)  and  ore  excellent.  The  unaugmented  airplane 
is  only  deficient  in  Dutch  Roll  damping  in  the  high  speed  cruise  configuration  and  the  augmentation  performs  the  damping 
task  more  them  adequately.  Decisions  made  during  this  design  process  were  influenced  principally  by  stringent  design 
requirements  and  conventional  analytical  and  newly  developed  flight  simulation  techniques.  Subsystem  configuration 
decisions  mode  prior  to  hardware  production  were  definitely  correc*  judgements.  This  is  confirmed  by  the  orderly  test  pro¬ 
cess  and  the  iock  of  major  hardware  design  changes. 

Lateral  Augmentation  Subsystem 

The  CX-HLS  oirplone  was  thought  to  possess  adequate  roll  damping  and  spiral  stability  thus  no  loteral  augmentation 
was  recommended.  The  trade  study  of  lateral  directional  characteristics  mentioned  the  possible  use  cf  such  subsystems  but 
did  not  recommend  the  use  of  any  artificial  stobilizaticn.  The  C-5  proposal  report  did  not  include  lateral  augmentation. 
With  the  addition  of  the  critical  runway  offset  maneuver  requirement,  a  subsystem  was  developed  by  simulation  methods 
using  control  wheel  position  for  roll  quickening,  roll  rote  for  demping,  and  roll  attitude  far  improved  spiral  stability. 

Since  this  subsystem  functioned  in  unison  with  the  yaw  augmentation  subsystem  while  improving  the  C-5  handling  qualities, 
both  units  were  incorporated  into  (he  same  computer.  This  allowed  shoring  common  feedback  sensors,  electrical  power 
circuitry,  and  built  in  test  equipment.  More  importantly  it  allowed  a  reduction  in  airplane  weight  by  opprrximattly  15 
pounds. 

During  initial  flight  tests  the  roll  rote  input  was  deleted  since  it  significantly  degraded  roll  response  to  primary 
control  commands.  The  final  configuration  found  to  be  acceptable  by  the  test  team  possessed  a  minimumly  amplified  roll 
attitude  signal  to  the  aileron  for  o  slight  improvement  of  spire*  stability. 

The  effect  of  this  subsystem  on  spiral  stability  for  three  pertinent  flight  conditions  is  illustrated  by  the  spiral  conver¬ 
gence  times  given  in  Figure  9  (Ref,  ?/.  A  positive  value  which  denotes  positive  stability  is  the  time  required  for  the  spiral 
mode  to  decrease  in  amplitude  to  one-half  of  the  peck  value  following  on  upset  disturbance.  A  negative  value  is  an 
unstable  spiral  or.d  Is  the  time  required  to  double  the  amplitude.  The  augmentation  subsystem  improves  the  spiral  stability  in 


the  landing  and  power  opproach  configurations  but  is  slightly  destabilizing  in  the  cruise  modes.  This  instability  is 
acceptable  since  the  pilot  workload  is  relatively  light  in  cruise  allowing  time  to  correct  minor  deviations  from  the 
intended  flight  p'th . 

This  subsystem  experienced  the  some  cyclic  process  as  the  pitch  augmentation,  progressing  from  nonexistence 
during  the  initial  CX-HLS  study  program  to  o  complex  multifeedbock  subsystem  and  returning  to  a  single  feedbock  foil- 
operative,  fail-safe  unit.  Why  did  this  subsystem  not  experience  the  some  relatively  smooth  design  process  as  the  yaw  aug¬ 
mentation  since  the  yaw  end  the  lateral  subsystems  were  developed  concurrently  using  the  same  design  techniques  and  test 
facilities?  The  only  plausible  explanation  is  o  tendency  toward  conservative  design  influenced  by  the  involved  interaction 
of  the  lateral-directional  dynamic  flight  chcracteristics.  Only  extensive  flight  test  evaluations  provided  a  realistic  wider- 
standing  of  these  modes  of  airplane  motion  resulting  in  a  simple  lateral  augmentation  subsystem. 


DESIGN  DECISIONS 

A  perusal  of  the  key  decisions  mede  during  the  design  process  of  the  C-5  stability  augmentation  subsystems,  sum¬ 
marized  in  Figure  10,  indicates  a  definite  pattern  of  subsystem  design  which  con  be  reasonably  extended  to  the  majority  of 
the  C-5  avionic  flight  control  subsystems.  The  trend  began  with  nonexistent  or  at  the  minimum,  simple,  single  feedbock 
subsystems,  and  progressed  to  four  complex,  multifeedback  units  operative  for  flight  test  evaluation.  During  the  flight  test 
period  the  design  trend  was  bock  to  simple,  single  feedbock  subsystems  and  in  one  case  to  removal  from  the  production 
airplane. 

During  the  system  definition  phase,  the  large  size  of  the  CX-HLS  airplane  had  not  yet  cousec  on  impoct  on  the  air- 
plone  handling  qualities  criteria.  Also  the  flight  simulation  technique  was  not  available  for  handling  qualities  evaluation 
of  this  ultra  large  transport.  Thus  augmentation  subsystems  were  not  required  or  wore  simple  units. 

Concern  for  thu  effects  of  ♦be  large  sized  airplane  during  the  Project  Definition  Phase  caused  detailed  parametric 
and  trade  studies  which  «ditatcu  the  unknown  handling  qualities  and  created  new  design  criteria.  This  concern  caused 
the  creation  of  odditionol  stability  augmentation  on  the  proposed  C-5  airplane. 

After  the  contract  award  for  the  design  and  production  program,  the  following  factors  influenced  the  initial 
development  decisions  related  to  the  augmentation  subsystems. 

o  New  critical  mission  requirements 

o  New  unproven  design  criteria 

o  Design  conservatism 

o  Piloted  flight  simulation  development 

o  Program  schedule 

The  critical  runway  offset  maneuver  and  transonic  flight  requirements  coupled  with  the  new  unproven  large  transport 
design  criteria  caused  the  flight  control  subsystem  design  to  be  very  conservative  in  configuring  the  augmentation  functions. 
Also,  for  the  first  time  in  the  design  process,  the  flight  simulator  played  a  significant  role  in  the  initial  development  of 
handling  qualities  and  the  subsystems  which  augmented  stability  deficiencies.  This  allowed  the  pilot  to  provide  his  know¬ 
ledge  ond  experience  at  on  uarlier  phase  of  the  subsystem  design  process.  The  design  engineer,  Sr  partnership  with  the 
pilot,  possessed  in  the  simulator  a  design  tool  capable  of  evaluating  on  almost  unlimited  number  of  subsystems  configurations. 
Nc rurally  the  pilot  hod  doubts  about  the  performance  of  the  simulated  airplane;  thus,  he  provided  conservative  contributions 
Jo  the  subsystem  development. 

Ail  these  effects  combined  to  define  complex,  multifeedbock,  redundant  stability  augmentation  subsystems  which 
were  fabricated  for  flight  test  evaluations  in  production  form,  but  with  minor  configuration  adjustments.  TVs  situation 
coused  decisions  mode  during  the  design  phase  of  the  C-5  to  have  significant  and  compounding  effects  on  the  finol 
production  avionic  components. 

During  the  flight  test  program,  the  engineering  test  pilot  wos  bock  in  his  normal  environment  with  complete  trust  in 
his  evaluations  of  the  airplane  response  characteristics.  His  evaluations  of  the  handling  qualifies  and  the  augmentation 
subsystem  characteristics  were  free  of  the  over-conservotism  present  during  the  flight  simulation.  Now  the  configurations 
of  the  subsystems  were  evo looted  for  possible  simplifications  ond  the  use  of  production  hardware  did  not  foci'itote  the 
changes  required  for  these  configuration  evaluations.  However,  many  components  were  removed  and  one  entire  subsystem 
was  deleted  allowing  on  increase  in  system  reliability,  a  decrease  in  airplane  weight,  and  increase  in  airplane  safety  of 
flight,  while  the  airplane  still  possessed  edequote  flying  characteristics. 


HINDSIGHT 

Many  lessons  were  learned  from  the  C-5  avionic  flight  control  subsystem  development  experience.  Lessons  learned 
con  servr  both  as  warnings  of  pitfall:  ond  also  <r.  guMelines  far  a  future  event;  thus,  the  C-5  experience  should  be 
incorporated  info  the  design  process  of  future  aircraft  programs.  The  first  lesson  wos  the  requirement  for  design  criteria. 
Meaningful,  understandable,  ond  usoble  design  criterio  must  be  ovoiloble  of  the  beginning  of  the  preliminory  design  phase 
if  future  program  scliedules  ore  to  be  os  demanding  os  the  C-5  program.  Criteria,  to  be  usoble,  must  be  validated  prior  to 
conceptual  development.  Design  requirements  cannot  be  verified  concurrent  with  system  development  without  unfavorable 
effects  on  costs. 
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The  C-5  program  experience  also  taught  that  design  techniques  such  os  mathematical  analyses,  piloted  flight  simu¬ 
lation,  and  hardware  testing  procedures  in  the  laboratory  and  in  flight,  effected  the  attainment  of  final  optimum  subsystem 
configurations.  The  need  for  design  methods  to  keep  abreost  of  involved  subsystem  requirements  was  a  double  edged  sword 
causing  use  of  insufficient  but  immediately  available  techniques,  or  creating  the  development  of  odequate  techniques 
concurrent  with  the  actual  requirement  for  their  use. 

The  last  ftajor  lesson  learned  from  the  C-5  design  program  wos  the  requirement  to  recognize  oil  the  ramifications  of 
a  very  short  program  schedule.  Figure  11  illustrates  the  impact  of  allowed  design  time  on  the  overall  cost  of  o  typical  aug¬ 
mentation  subsystem  design  and  production  program.  This  curve  indicates  a  given  optimum  design  time  tor  a  cost 

subsystem  program.  The  figure  ciso  indicates  that  there  is  a  minimum  time  below  which  infinite  available  funding  could  not 
procure  the  subsystem.  To  meet  the  optimum  time,  design  requirements,  data,  techniques,  personnel,  and  interfacing 
information  must  become  available  with  precise  timing.  Should  o  slippage  occur  in  the  availability  of  any  of  these,  the 
design  time  will  increase  accompanied  with  o  significant  increase  in  cost. 

EPILOGUE 

Decisions  mode  during  the  early  design  phase  to  place  minimally  required  subsystems  on  an  airplane  can  have  far- 
reaching  effects  on  the  airplane  long  after  it  has  entered  service.  Naturally  these  effects  include  maintenance  and 
reliability,  but  also  include  functional  growth.  An  operative  subsystem  on  an  airplane  allows  the  possible  incorporation 
of  another  function  to  that  airplane.  This  con  be  simply  another  operation  of  the  autopilot  or  o  function  oifiiC-'t  totally 
independent  of  the  subsystem  to  which  it  is  added.  Two  of  the  stability  augmsn'otion  subsystems  previously  discussed  ore 
now  serving  os  outlets  to  a  subsystem  whose  function  is  to  improve  structural  characteristics  of  the  C-5  wing.  This  sub¬ 
system  defined  as  the  Active  Lift  Distribution  Central  System  (ALOCS)  is  inten^^d  to  redistribute  the  wing  sponwise  lift 
during  maneuvers  and  the  response  produced  by  atmospheric  gusts  to  reduce  the  bending  moment  at  the  wing  root  and  to 
increase  the  wing  fatigue  life.  This  redistribution  is  achieved  through  symmetrical  deflection  of  the  ailerons  by  inclusion 
of  a  compensated  signal  into  the  lateral  augmentation  subsystem.  This  load  relief  function  decreases  the  C-5  short  period 
damping  characteristics;  thus  a  corrective  signal  must  be  forwarded  to  the  pitch  augmentation  subsystem.  This  subsystem  is 
presently  in  development  at  Lockheed -Georgia  Company  and  its  addition  to  the  C-5  airplane  fleet  i;  plonned. 

Decisions  to  include  these  two  minimally  required  flight  control  subsystems  on  the  C-5A  facilitate  immediate  place¬ 
ment  of  a  required  function  after  the  last  production  airplane  wos  delivered  to  the  U.  S.  Air  Force.  A  Gypsy  with  her 
crystal  ball  could  never  have  predicted  the  advancement  of  these  augmentation  subsystems  into  active  roles  of  improving 
airplane  service  life. 
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FIGURE  2. 
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FIGURE  3.  LOCKHEED  C-5  AIRPLANE  TRIM 
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FIGURE  7,  LOCKHEED  C-5  AIRPLANE  YAW 
AUGMENTATION  PERFORMANCE 
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FIGURE  9.  LOCKHEED  C-5  AKPLANE 
LATBAL  -  DIRECTIONAL 
AUGMENTATION  PERFORMANCE 
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ADVANCEMENTS  IN  FUTURE  FIGHTER  AIRCRAFT 

by 
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Manager  Advanced  Engineering  Technology  ond  Design 
M  ess  erschmitt-Bdlkow -Biohm  GmbH 
Aircraft  Division 
D  -  8  Munich  80 
P.O.B.  80  11  60 


SUMMARY 


1 .  A  new  aircraft  development  can  be  justified  if  the  performance  of  that  new  aircraft 
exceeds  that  of  an  old  aircraft  by  at  leost  15  %  to  20  %. 

2.  Foreseeable  technologico!  air  frame  advancements  such  as  CCV  and  composites  do 
not  justify  the  development  of  a  new  weapon  system,  per  se. 

3.  Recent  engine  technology  advancements  allow  to  achieve  a  level  performance, 
which  does  justify  the  development  of  a  new  generation  of  air  superiority  fighters. 

4.  Foreseeable  technological  air  frame  advancements  do,  however,  pay  off  if  applied 
to  a  new  aircraft  development. 


CLASSIFICATION  OF  ADVANCEMENTS 


Forecasting  technological  advancements  means  forecasting  future.  History  of  such  forecasting  shows: 

a)  That  the  attempt  to  assess  technological  advancements  far  info  the  future,  say  50  or  100  years,  tends  to  under¬ 
estimate  realities.  This  is  because  the  only  technique  of  forecasting  without  failing  into  dreaming  is  extra¬ 
polation.  Extrapolation,  however,  does  not  take  into  account  innovations.  !nno,  jtions  which  exceeded 
extrapolating  forecasts  by  orders  of  magnitude,  for  example,  have  been  the  jet  engine  or  the  transistor.  By 
definitions,  advancements  based  upon  innovations  cannot  be  forecasted  ond  thus  remain  the  subject  of  dreams. 
Fig.  (1)  lists  such  advancements  (1)  which  are  not  against  the  lows  of  physics  and  therefore  might  very  well 
develop,  however,  we  can  not  soy  when  and  how  and  whether  such  advancements  pay  off. 


b)  That  the  attempt  to  forecast  short-term  advancements,  soy  5  or  1C  veers,  tends  to  overestimate  realities. 
This  is  because  such  advancements  are  based  upon  existing  knowlecge  and  technology,  howe-er,  they 
take  money  and  the  ocception  of  a  certain  amount  of  risk  to  materialize.  See  right  side  of  fig.  (4). 
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POTENTIAL  ADVANCEMENTS,  NOT 

FirjiO)  CREAMS  F!9-'2)  YET  SATISFYING  SOLUTIONS 

There  is  a  third  group  cf  advancements,  wt.  seems  to  fil  Into  the  group  of  short-iSna  type  advancements  on 
the  first  view  or  for  people  who  ore  not  intimately  familiar  with  them.  Some  of  them,  applicable  to  fighter  aircraft, 
are  listed  in  fig.  (2).  Howevur,  a  careful  investigation  or  even  an  attempt  to  buikL  far  example,  a  woke  propelled 
otrereff  or  a  VTOL  supersonic  fighter  would  indicate  that  any  known  solution  ts  n )» satisfying  in  order  to  really 
break  through.  Any  forecasting  of  advancements  in  this  area  would  be  based  on  certain  assumptions,  far  example  the 
existence  of  o  new  thrust  vectoring  device  for  after  burned  gases,  light  heat  resistant  materials,  facilitated  handling  of 
toxic  fuels,  etc.  It  needs  innovations  on  a  lower  level  to  introduce  such  advancements  ond  therefore  they  still  remain 
dreams  even  with  a  good  chance  of  becoming  reality. 
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Another  group  of  odvancements  for  fighter  Aircraft  Is  highly  desirable  from  on  operational  point  of  view,  as  listed 
on  fig.  (3).  For  each  of  those  Items  not  even  a  large  break-through  can  be  expected  under  any  auwnptlon.  Their  record 
shows  a  gradual  Improvement  with  small  steps,  such  as  the  use  of  BIT.  Unfortunately,  saturation  characterizes  the  trend  of 
these  Items,  even  deterioration  in  some  cases.  Again,  If  would  need  innovations  io  achieve  Improvements  of  arty  signifi¬ 
cant  size  which  puts  even  this  group  into  the  dream  classification. 


ADVANCEMENTS 
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GENERAL  AREAS  OF  DESIRABLE 

Fig. (3)  IMPROVEMENTS  rig .(4)  CANDIDATE  AREAS  OF  ADVANCEMENTS 

Let  us  therefore  turn  back  to  the  (b)-type  short-term  group  of  advancements,  e.  g.  those  advancements,  which 
today  could  be  realized  with  some  risk  provided  the  funds  are  available.  Now  we  have  to  distinguish  between  su  ,h  ad¬ 
vancements,  which  ore  significant  enough  to  justify  a  new  development  and  those,  which  are  just  worthwhile  to  be  applied 
to  an  existing  lircraft  according  to  fig.  (4).  Since  this  paper  deals  with  future  fighter  aircraft  only,  we  shall  concentrate 
on  the  items  o  '  the  right  hand  side  of  fig.  (4)  only  asking  whether  these  techniques  really  would  be  attractive  enough  to 
justify  o  new  circroft  development. 

Without  going  into  details:  supercritical  airfoils  do  yield  a  performance  advantage  at  a  particular  point  of  the 
flight  envelope,  however,  at  the  expense  of  flight  conditions  off  that  design  point.  Overall,  there  may  be  some  advan¬ 
tage  for  a  fighter  aircraft  for  which  off-design  mission  performance  is  important. 

Revolutionary  new  configuration  concepts  could  very  well  lead  to  new  developments  as  did,  to;  example,  the 
application  of  a  variable  sweep.  Other  candidates  could  be  stroke  wing  configurations  or  some  of  the  new  VTOL  ideas 
which  ore  under  consideration.  Very  little,  however,  can  be  said  about  the  use  of  ejector  wings  for  V  fOL  operation 
before  significant  values  of  thrust  augmentation  have  been  demonstrated  at  realistic  air  frame  weights. 

The  field  of  composite  materials  and  control  configured  vehicle  concepts  lend  themselves  to  a  fairly  reliable 
generation  of  data.  Concentrating  further  on  air  frame  technology  the  onciysis  will  use  these  two  areas  as  examples  to 
answer  the  question  posed  above.  In  addition,  recent  advancements  in  engine  technology  are  investigated  with  regard 
to  their  sensitivity  to  the  analysis. 
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CONTROL  CONFIGURED  VEHICLES  (CCV) 

The  term  CCV  concerns  a  wide  range  of  design  features  as  listed  in  fig.  (5).  In  general,  we  are  talking  about 
CCV  whenever  an  electronic  system  is  used  to  improve  the  performance,  flight  characteristics  or  even  some  operational 
characteristics  of  an  aircraft. 

Biggest  performance  improvements  con  be  demonstrated  for  relaxed  longitudinal  aerodynamic  stability,  which 
is  to  be  replaced  by  artificial  stability  provided  by  on  artificial  stability  system,  in  fig.  (6)  induced  drag  characteristic 
is  pfotted  as  a  function  of  parcmetrically  varied  wing-tail  configuration  of  a  hypothetical  fighter  aircraft.  It  happens 
that  the  minimum  induced  drag  applies  to  unstable  configurations.  Also,  maximum  achievable  lift  of  various  wing-tail 
combinations  is  limited  by  nat'iral  aerodynamic  stability. 
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Fig.  (5)  SCOPE  OF  CCV 


Fig.  (6 )  CCV  LIFT  AND  DRAG  IMPROVEMENTS 
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The  feasibility  of  drag  and  lift  polar  improvement  is  easy  to  demonstrate  by  proper  combination  of  measurement 
points  of  wind  tunnel  tests  {fig.  7).  Improvements  of  such  magnitude  are  not  achieveable  by  any  other  known  means 
without  weight  penalties.  Artificial  stabilization  of- aircraft  allows- to  reduce  the  areo  of  control  surface  resulting-in 
even  greater  performance  improvements  (fig.  8).  For  a  typical  fighter  aircraft  designed  around  a  fixed  engine  some 
performance  improvements  are  shown  in  fig.  (9).  The  resuits  indicate  that  the  largest  pay  off  is  expected  for  negative 
stability  margins  in  the  order  of  10  %  to  20  %  depending  upon  the  particular  configuration  and  the  driving  perfermanee 
requiiements.  Generally,  the  high  load  factor  requirements  benefit  the  most  from  relaxed  stability.  In  fig.  (10)  the 
potential  performance  improvement  is  expressed  in  terms  of  a  reduction  of  overall  aircraft  weight  at  constant  performance. 
Again,  on  instability  of  more  than  10  %  margin  is  desirable  to  take  full  odvcntoge  of  the  CCV  feature. 


Fig. (8)  CCV  REDUCTION  O7  TAIL  SIZE  Fig- (7)  WIND  TUNNEL  TEST  RESULTS 
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ALLOCATION  OF  C0NTR.  SYSTEM  CRITICALITY 
CCV  SAFETY  AND  REDUNDANCY  REQU 


NEED  TO  RELY  UPON  THE  CONTROL 
Fig. (11)  SYSTEM 

Such  measures  of  instability  create  new  demands  in  designing  the  control  augmentation  system.  The  reaction 
time  of  the  aircraft  movement*  following  a  control  system  failure  is  extremely  short.  Time  to  double  the  flight  path 
amplitude  as  a  function  of  negative  stark  margin  is  shown  in  fig.  (11)  indicating  the'  the  human  pilot  could  not  react 
fast  enough  and  the  aircraft  would  be  lost  within  a  very  short  time.  Thui,  a  new  level  of  con.ro!  systems  reliability  must 
be  ochieved  if  artificial  stability  is  to  come  into  being.  Fig.  (12)  shows  the  criticallity  of  the  main  subsystems  relotive 
to  their  foilure  rote*  ond  the  reAmdoncy  level  necessary  to  satisfy  safety  requirements  equivalent  to  those  of  mechanical 
flight  control  systems. 
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Fi^.  (13)  illustrates  the  advantage  of  side  force  control,  which  is  a  CCV  Feature  since  effective  side  force  con¬ 
trol  needs  at  least  the  assistance  of  an  electronic  control  system.  Using  such  capability  o  deviation  from  a  desired  flight 
path  con  be  corrected  without  banking  and  rolling  That  maneuver  wc-uld  shorten  the  time  to  achieve  the  flight  path 
adjustment  or  would  enable  to  adjust  a  larger  deviation  within  the  some  ti  ne  respe-.tLely.  Fig.  (i3)  represents  results 
of  simulations  of  a  typical  fighter  aircraft  maneuver.  Side  force  maneuvers  ore  most  likely  to  improve  the  accuracy  of 
ground  or  air  target  attacks. 

Electronic  control  devices  also  have  been  used  to  suppress  flutter  of  transport  wings.  Significant  structural 
weight  savings  could  be  achieved  if  the  control  devices  could  be  reMed  upon.  In  fighter  aircraft  design  flutter  very 
often  is  a  difficult  problem  for  external  loads.  Artificial  flutter  suppression  lends  itself  io  tackle  that  problem. 

Fig.  (14)  shows  results  of  win-'  tunnel  testing  using  a  wing-pylon-store  combination  of  the  V.RCA  aircraft.  Beyond  a 
particular  speed  and  without  the  suppression  system  being  switched  on  the  pylon  builds  up  targe  amplitudes.  A  simple 
circuit  using  the  signals  of  on  accelerometer  and  activating  a  small  vane  mounted  ot  the  nose  of  the  store  is  able  to 
suppress  the  osr^Iution  within  o  few  cycles.  Because  of  the  elastic  interaction  between  wing  and  pylon  the  suppression 
system  os  well  be  installed  ot  the  wing  in  order  to  ovoid  its  ioss  whenever  the  store  is  jettisoned.  Expected  weight 
savings  by  proper  opp’icotion  of  flutter  suppression  ranges  in  the  erder  of  2  %  of  take-off  weight . 


Another  attractive  CCV  feature  is  m-sneuver  load  control,  e.  g.  the  unloading  of  outer  wing  areas  by  proper 
activation  of  flaps  under  maneuvering  conditions  or  gust  encounters.  The  immediate  gain  is  on  improvement  of  struc¬ 
tural  fatigue  up  to  100%  and  subsequently  considerable  Jtructcvol  weigh,  savings  r.r  a  given  fatigue  requirement. 


TIME  AND  DISTANCE  TO  CORRECT 
(F'»9-  03)  FU6KT  PATH 


WIND-TUNNEL  DEMONSTRATION 

Fig  (i4)  0F  ACTiVE  flutter  suppression 


COMPOSITE.' 

The  application  of  composite*  to  fighter  air  frames  is  simply  a  question  of  weigh,  saving  versus  cost  increase. 
Besides  that  there  are  other  advantages  of  composites,  such  os  stiffness  and  less  corrosion.  In  seme  cases  the  use  of 
composites  even  is  a  question  of  femibility  of  the  configuration-  For  example,  rigid  rotors  for  helicopter  would  nut 
hove  been  feasible  without  gloss  fiber  ot  eorbon  fiber  blodes.  High  thrust  for  weight  ratio  fighter  aircraft  always  suffer 
aft  c.  g.  problems  which  moy  call  for  composite  tails. 

However,  the  driving  requirement  remains  the  economy  of  composites.  For  fighter  aircraft  the  higher  cost  of 
composites  has  to  be  recovered  almost  entirely  by  o  benefit  in  p.oeurement  cost  because  fighter  aircraft  in  peace  rime 
do  not  carry  paying  payload. 


Fig.  (15)  show,  the  percentage  breakdown  of  -  typical  fighter  aircraft  structural  weight  for  various  stages  of 
maturity  ot  composite  application.  Obviously,  the  weight  reductions  are  significant. 
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Fig.  (16)  tries  to  emphasize  the  economic  aspect  of  composite  utilization  In  fighter  aircraft:  one  pound  of  con¬ 
ventional  aluminium  structure,  assuming  a  weight  saving  of  30%,  could  be  replaced  by  0.7  lb.  of  composite  structure. 

A  very  optimistic  cost  figure  for  composite  structure  Is  500  %  per  lb.  as  compared  to  70  %  per  lb.  for  aluminium  structure. 
Thus,  there  Is  a  cost  penalty  of  0.7.500^  1.70  ffia.  associated  with  that  replacement.  On  the  other  hand,  assuming 
a  weight  growth  factor  of  3,  there  would  be  an  overall  weight  saving  throughout  the  entire  aircraft  of  0.3  (original 
weight  saving)  x  3  =  0.9  lb.  If  the  use  of  that  composite  component  is  planned  from  the  very  beginning.  Each  pound 
saved  results  in  a  reduction  of  procurement  cost  of  about  200  %  and  300  %  of  life  cycle  cost  respectively.  Thus  the  over¬ 
all  gain  amounts  to  0.9.200=  180  and  0.9.300  =  270  respectively.  This  simple  comparison  indicates  that  the  use  of 
composites  would  pay  off  only  under  certain  most  favorable  conditions.  Such  conditions  apply  to  a  percentage  of  struc¬ 
tural  weight  much  smaller  than  indicated  in  fig.  (15).  As  a  very  approximate  figure,  a  maximum  of  10%  composite 
utilization  seems  to  be  economically  justifiable. 

ENGINE  TECHNOLOGY 

The  purpose  of  this  paper  is  to  analyse  advancements  In  air  frcme  technology,  engine  technology  is  to  be  dis¬ 
cussed  only  in  terms  of  the  effect  on  overall  aircraft  weight  and  performance.  An  interesting  way  of  viewing  the  economy 
of  engine  technology  is  to  compare  the  J  79  technology  with  current  technology  demonstrated  (fig.  17).  Such  comparison 
comprises  20  years  of  engine  technology  development  and  a  resulting  improvement  of  engine  thrust  to  weight  ratio  from 
4.5  to  about  8.  At  the  same  time  cost  per  pound  of  engine  thrust  has  increased  from  20  jS/Va.  to  more  than  40  %,  lb.  assu¬ 
ming  a  comparable  buy  level  and  1972  economic  conditions.  \n  aircraft  utilizing  the  RB  199/F  100  technology  rould  be 
20  %  tighter  but  its  propulsion  system  would  be  about  60  %  more  expensive  as  eomp-Ted  to  a  fighter  of  similar  p  rformance 
which  is  designed  around  a  J  79  technology  engine.  This  comparison  is  based  upon  an  aircraft  overall  thrust  to  weight 
ratio  of  0.7  which  is  typical  for  today's  fighters  in  operation.  Finally,  the  procurement  cost  of  both  aircraft  would  be 
about  equal. 
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'Hie  question  arises  whether  any  of  the  candidate  technology  advancements  is  likely  to  justify  a  new  weapon 
system  development.  The  foregoing  comparison  have  beer,  mode  for  constant  performance  leva!,  however,  the  history 
of  fighter  aircraft  erJsibits  increcsing  or  even  escoloting  performance.  In  fig.  (18)  the  cost  of  increasing  aircraft  thrust 
to  weight  ratio  at  equci  technology  is  translated  into  numbers  of  aircraft  to  be  procured  at  constant  budget  relative  to 
the  number  of  current  performance  status  aircraft  in  the  inventory.  Even  the  introduction  of  a  new  weapon  system  of 
the  same  performance  level  would  decrease  that  number  because  of  the  development  and  the  putting-into -service  cost 
of  fh*  new  system.  In  addition,  buying  just  more  old  aircraft  would  benefit  from  production  learning  which.  In  order 
to  be  fair,  must  be  added  to  the  cost  of  a  new  development  as  a  penalty.  Consequently,  the  curve  in  fig.  (18)  starts  at 
about  0.75.  At  aircraft  thrust  to  weight  ratios  significantly  beyond  0.7  engine  technology  starts  to  become  important. 

As  explained  in  fig.  (19)  aircraft  gross  weight  and  cost  increase  progressively  with  inc. easing  oircroft  thrust  to 
weight  ratio  even  opprooching  infinite  value.  The  asymptotic  oircroft  thrust  to  weight  ratio  depends  on  engine  thrust 
to  weigh!  ratio,  e.  g.  engine  technology.  As  u  result  the  economic  trade  off  outlined  in  fig.  (17)  would  be  unfavorable 
to  the  J  79  technology  at  aircraft  thrust  to  weight  ratios  of,  for  example,  1 .0.  This  etoblishes  a  good  case  for  new  en¬ 
gine  technology  for  future  fighter  aircraft. 

CCV  and  composites  ore  also  allocated  in  fig.  (18).  Cost  penalty  of  CCV  can  be  neglected,  whereas  cost  penal¬ 
ties  are  pacing  in  case  of  composites.  Obviously,  extensive  use  of  composites  can  only  be  justified  if  the  existence  of  a 
fixed  engine  requires  a  decrease  of  structural  weight  regardless  of  cost  in  order  to  ocMeve  a  required  performance  level. 
Even  in  case  of  CCV  one  would  have  to  demonstrate  that  a  performance  improvement  of  about  10  %  would  be  worth  on 
overall  reduction  of  fleet  size  cf  about  25  %. 
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FUTURE  MISSION  REQUIREMENTS 

The  question  about  the  value  of  performance  Improvement  needs  a  definition  and  evaluation  of  mission  require¬ 
ments.  Fig.  (20)  distinguishes  between  4  basic  missions: 

-  The  bomber  type  mission  requiring  moderate  T/VY,  high  wing  loading  for  optimum  cruise  and  on 
the  deck  ride  qualities  and  an  increasing  sophistication  of  avionics  for  survival  and  successful 
target  attack.  There  is  no  question  about  the  usefulness  of  that  mission.  Variable  sweep  has 
been  a  significant  advancement  combining  the  required  mission  capability  with  short  field  and 
loiter  as  well  as  self-defence  capability.  The  trend  for  advancements  lies  in  the  area  of  avio¬ 
nics  and  wecpons. 

-  The  point  intercept  type  mission  asking  for  high  acceleration  (high  T/W),  moderate  wing  loading 
and  advancements  in  air-to-air  armament  and  guidance  as  well  as  fire  control  systems.  The 
classic  interceptor  competes  against  the  surface  to  oir  missile. 

-  Close  oir  support  can  be  satisfied  with  moderate  T/W  but  needs  iow  wing  loading  for  self-defence. 

There  is  an  unresolved  question  about  the  general  lay-out  (AX  question)  end  the  competition  by 
the  armed  helicopter  idea. 

-  Air  superiority  over  the  battle  field.  This  role  requires  wing  loodings  much  lower  end  thrust  to 
weight  ratios  much  higher  than  designed  into  current  aircraft.  Due  to  the  progressive  trend  of 
weight  and  cost  vs.  thrust  to  weight  ratio  indicated  in  fig.  (19),  such  o  combination  would  re¬ 
quire  advancements  in  air  frame  design  and  wouid  very  much  benefit  from  recent  advancements 
in  engine  technology. 
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Fig.(20)  MISSION  REQUIREMENTS 


Tha  importance  of  air-to-air  copobility  is  illustrated  in  fig.  (21).  According  to  the  results  of  simulations,  a 
large  percentage  cf  air-to-ground  payload  is  lost  due  to  ct;r  intercept  by  enemy  fighter  aircraft.  This  situation  could  be 
significantly  improved  by  either  sufficient  self-defence  capability  built  into  the  air-to-ground  aircraft  or  by  protecting 
♦he  air-to-ground  aircraft  by  fighter  circraft.  Simulations  indicate  that  the  use  of  the  sane  aircraft  for  both  {pound 
attack  and  air  cover  would  be  the  most  economical  solution.  Highly  maneuverable  future  fighter  oircraft  would  be  tile 
to  develop  an  oir  umbrella  over  a  limited  battle  area  much  more  effectively  as  compared  to  current  fighter  which  have 
not  been  designed  for  that  purpose.  Figures  on  ‘he  right  hand  side  of  fig.  (21)  ore  also  the  result  of  large  scale  simu¬ 
lations  within  the  Europeon  scenario  expected  for  1985,  indicating  almost  an  order  of  magnitude  difference  in  mission 
success.  Conclusion:  fighter  aircraft  could  play  on  important  role  in  future  military  conflicts  and  lend  themselves  to 
advancements  in  air  frame  end  engine  technology  due  to  the  high  level  of  performance  required  to  do  their  job  efficiently. 
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Fig.  (22)  concludes  the  analysis  addressing  the  question  about  the  cost-effectiveness  of  air  superiority  fighter 
aircraft  performance  increase  and  about  the  performance  margin  which  would  justify  the  development  of  a  new  aircraft- 
using  current  technology  or  advancements  in  air  ffcrr.e/engine  technology.  At  a  constant  budget  this  means  u  trade  of 
number  of  aircraft  vs.  indivi  .ual  aircraft  performance  to  be  evaluated  in  terms  of  fleet  effectiveness.  Fleet  effective¬ 
ness  is  defined  a  the  percentage  of  aircraft  surviving  an  air  battle  after  all  enemy  aircraft  have  been  destroyed.  If 
both  sides  operate  aircraft  of  same  performance  having  available  the  seme  budget,  e.  g.  the  same  number  of  aircraft, 
such  a  battle  would  result  into  a  complete  deterioration  of  both  fleets  indicated  by  an  effectiveness  measure  of  zero  in 
fig.  (22).  Performance  increases  along  the  horizontal  axis  of  fig.  (22)  expressed  by  the  T/Yf  ratio-W/S  combination:: 
yielding  a  maximum  of  maneuverability.  Consequently,  the  number  of  own  aircraft  decreases  with  increcsing  perfor¬ 
mance  according  to  the  constant  budget  assumption.  Increased  performance,  even  at  less  aircraft,  pay  off  up  to  a 
maximum  beyond  which,  because  of  the  progressive  trend  of  cost  vs.  performance,  the  low  number  of  very  high  perfor¬ 
mance  fighters  start  to  lose  theif  superiority  against  the  large  number  of  current  performance  enemy  aircraft. 

If  an  airforce  decides  to  buy  c  fleet  of  old  aircraft  of  the  0.7  T/W  ratio  type  instead  of  developing  a  new  air¬ 
craft,  it  could  spend  the  development  funds  and  the  money  to  introduce  a  new  weapon  system  to  buy  more  old  aircraft 
and  it  could  benefit  also  from  production  learning.  Thus,  according  to  fig.  (18),  the  size  of  the  fighting  fleet  could 
be  increased  by  25  %  which,  in  fig.  (22)  would  result  in  a  better  fleet  superiority  equivalent  to  35  %  of  surviving 
aircraft.  A  horizontal  line  from  that  point  in  fig.  (22)  cuts  the  fleet  effectiveness  curve  at  a  point  (T/W  =  0.85  for 
new  engine  technology)  which  con  be  interpreted  cs  a  break-even  point.  Beyond  that  point  a  new  fighter  aircraft 
development  starts  to  pay  off. 

A  repetition  of  the  calculation  using  a  higher  T/W  for  the  enemy  fighter  fleet  is  not  changing  the  maxi  rum 
location  of  the  fig.  (22)  very  much.  At  T/V/  values  of  about  1.2  being  equal  for  both  sides  it  would  be  more  cos’ 
efficient  to  build  more  aircraft  rather  than  increasing  the  performance  level. 

How  do  air  fresne  advancements,  such  as  CCV  and  composites,  fit  into  that  scheme?  (See  small  dashes) 

-  Improvemtn'  •  the  old  aircraft:  small  improvement  by  CCV  due  to  the  foct  that  the  additional  cost 
is  small  c:-..  pared  to  the  potential  performance  increase.  Deterioration  of  fleet  effectiveness  for 
composite  structural  component  replacement. 

-  Application  to  a  new  development:  significant  improvement  by  CCV.  Slight  disadvantage  by  com¬ 
posites  which  might  very  well  turn  into  on  odantage  in  the  near  future  as  the  cost  of  raw  materials 
decrease. 

The  result  of  this  analysis  must  not  be  generalized  in  specific  terms.  It  is  limited  to  the  assumptions  about  the 
importance  of  air-tc-air  combat  of  the  dog  fight  type.  However,  in  general  the  question  will  always  exist  about  how 
much  quality  improvement  would  justify  a  new  development  and  how  much  it  would  pay  off  at  all  as  compared  to  a  quan¬ 
tity  concept.  In  this  since  the  analysis  is  to  be  viewed  as  an  example. 


SUMMARY 

1 .  A  new  air  superiority  fighter  aircraft  development  con  be  justified  if  the  performance  of  that  new  aircraft  exceeds 
thet  of  an  old  circrcf*  by  at  least  15  %  to  20  %, 

2.  foreseeable  technological  air  frame  advancements  (such  as  CCV  and  composites)  do  not  justify  the  development  of 
a  new  aircraft,  per  se. 

3.  Recent  engine  technology  advancements  allow  to  achieve  a  level  of  performance  which  does  justify  a  raw  development^ 

4.  Foreseeable  tichnology  air  heme  advancements  do,  however,  pay  off  if  applied  to  a  new  aircraft  development. 

+)  Bcttle  Field  Air  Superiority 
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ESTIMATION  OP  PROGRAMMES  AND  COSTS  FOR  MILITANT  AIRCRAFT 

by 

3  C  Momll 

Dire o tor  Project  Time  and  Ccict  Analysis 
Procurement  Executive,  Ministry  of  Defence 
St  Giles  Court 
1-13  St  Giles  High  Street 
London  ViC2H  8LD 
England 


SUMMARY 


Tbs  paper  sets  oat  to  provide  s  brief  end  general  presentation  of  the  purposes,  history  and  method* 
of  Budgetary  Estimation  for  UK  military  aircraft  programmes.  The  derivation  of  the  aethods  fill  he  dis¬ 
cussed  using  the  airframe  as  the  sain  example.  Finally,  the  use  of  the  timescale,  resources  and  cost  esti¬ 
mating  techniques  to  provide  oost  trade-offs  for  different  aircraft  operational  capabilities  will  be  demon¬ 
strated. 


1  introduction 

Budgetary  estiaatee  of  the  resources  (manpower,  facilities,  time  and  money)  likely  to  be  needed  for 
the  development  and  production  of  new  aircraft  are  required  within  the  Air  Systems  Controller* te  (ASC) 
Prooureaent  Executive,  Ministry  of  Defenoe  (KOD(FE)),  for  three  main  purposes. 

1  Planning  and  funding  (Long  Tern  Costing  (LTC))  purposes 

2  Frojeo  election,  appraisal  and  approval,  and 

3  Assessment  of  the  future  loading  on  the  aircraft  industry  for  Aerospace  policy  decisions. 

The  aim  of  this  paper  is  therefore  to  present  briefly  what  is  involved  in,  and  the  methods  used 
for,  making  budgetary  estimates  and  then  give  an  indication,  because  of  the  special  inters**  of  this 
symposium,  of  bow  they  can  be  used  for  cost  and  perfcraai.ce/effectiveness  trade-off  assessment.  Although 
estimates  are  made  for  all  aspects  of  an  aircra  t's  procurement,  because  of  the  time  available,  the  examples 
given  concentrate  on  fixed-wing  airframe  development. 

In  order  to  sake  comprehensive  cost  appraisals,  life  cycle  costs,  rather  than  procurement  coats, 
are  required  but  this  is  a  major  area  for  future  work. 

2  HISTORY 

In  the  1950*  and  early  1060s,  there  was  a  succession  of  ’cost*  escalation  and  •overruns*  in  UK 
military,  and  for  that  matter  the  relatively  sore  simple  eivil,  aircraft  procurement  programmes. 

The  reasons  for  the  past  failures  of  estimates  to  predict  the  total  expenditure  reasonably  acc¬ 
urately  have  bean  identified  a*s- 

i  Changes  in  details  of  the  Requirement,  causing  changes  to  specification 

ii  Changes  in  technical  possibilities  giving  greater  potential  "requirements" 

i|4  Basic  underestimation  of  the  time  and  cost  needed  to  achieve  identified  tasks 

iv  Incomplete  identification  of  ell  the  tasks  involved  in  achieving  the  specified  project, 
and 

v  The  effects  of  inflation. 

A  "factor  of  three"  was  commonly  quoted  in  the  case  of  development  for  the  ratio  actual  cost  to  the 
initial  estimate,  but  because  of  the  inflation  effect  (v)  acting  over  the  development  timescales  of  3-10 
years,  the  inflation  factor  alone  averaged  about  1.5,  so  that  in  constant  pricer  the  cost  escalation  lactor 
was  in  effect  two  sot  three.  The  timescale  overrun  factor  was  -bout  1.3  and  failure  to  estimate  the  time¬ 
scale  irately  contributed  significantly  to  the  shortcomings  of  the  initial  estimate. 

Fointe  (iii)  and  (iv)  were  areas  which  could  e#  corrected  by  proper  "resource"  analysi?  of  the 
necessary  and  appropriate  content  of  the  programmes  taking  account  of  the  influence  of  the  project’3  tech¬ 
nical  ani  operational  characteristics. 

Responsibility  for  points  (i)  and  (ii)  does  not  lie  with  tie  estimator,  but  with  the  control 
applied  by  the  operational  requirement  and  management  function  of  the  project  development. 

As  a  result  of  the  growing  realisation  during  the  early  1960s  that  the  estimation  ''system"  was 
inadequate,  points  (iii)  and  (iv),  a  new  unit  called  "Froject  Time  and  Coat  Analysis"  (PTCAn)  was  set  up  in 
early  1964  to  collect  as  mush  data  as  possible  on  aircraft  projects  and  their  progresses  and  to  analyse 
these  to  provide  metliods  of  predicting  future  development  costs  and  timescales.  As  these  data  would  be 
"actuals"  they  would  contain  also  the  effects  of  (i)  and  (ii).  The  initial  work  was  to  be  concentrated  on 
airframe  development.  In  1965*  the  then  Director  General  Engines  (DC  Eng)  initiated  similar  work  on  aero- 


,  . 
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engine  development  and  this  activity  was  absorbed  into  FTCAn  in  1969*  Also  during  1965,  the 
Director  General  Aircraft  Production  (DGA>)  set  up  tvs  groups  to  deal  with  budgetary  production  estimation, 
one  on  airframe#  (DAP  Costs)  and  one  on  engines  (Eng  P  Costs).  FXCAn  has  a  co-ordinating  role  to  bring 
together  airframe,  engine  and  equipment  production  estimated  costs  for  project  selection,  appraisal  and 
approval  purposes.  During  the  last  year  or  so  work  within  PICAn  has  been  widened  to  devise  estimating 
methods  for  aircraft  equipment  which  it  is  hoped,  will  ultimately  include  aircraft  avionics  and  flight  con¬ 
trol  system  equipment.  The  three  groups;  PICAn,  DAP  Costs  and  Eng  P  Costs  work  in  close  harmony  and 
currently  cover  fired  and  rotary  wing  aircraft  for  both  military  and  civil  projects. 

3  DEVELOPWHTT  COST  ESTIMATION 

3.1  Ceneral 

In  order  to  improve  the  budgetary  estimating  methods  which  had  been  in  use  prior  to  1564,  it  was 
believed  that  the  "cost"  of  future  projects  could  only  be  predicted  with  reasonable  assurance  by  reference 
to  the  actual  "cost"  of  a  wide  spectrum  of  previous  projects.  The  first  important  step  which  had  to  be 
taken  at  that  stage  was  to  initiate  the  collection  frcm  past  records,  if  available,  of  tbe  actual  expendi- 
tureo  in  terms  of  time,  resources  and  rcr.ey  etc.  on  past  aircraft  projects.  This  was,  and  still  is,  a  most 
difficult  task  because  of  the  wide  variations  in  the  quantity,  quality  and  definition  of  the  data  which  had 
been  recorded.  However  in  spite  of  the  difficulties,  many  useful  data  have  been,  and  still  are  being, 
slowly  accumulated  by  tbe  diligence,  hardwork  and  enthusiasm  of  the  "investigators”. 

The  first  method  adopted  was  to  es mblish  the  total  cost  of  the  airframe  development  and  production 
for  previous  projects.  In  tbe  case  of  the  development  costs  extreme  care  had  to  be  applied  in  tbe  analysis 
and  all  cases  had  to  be  adjusted  to  a  common  standard.  This  was  because  the  basic  data  covered  a  variation 
of  such  factors  as  the  number  of  aircraft  used  in  the  development  programme,  whether  they  were  prototype, 
development  batch,  or  production  aircraft,  the  number  of  flying  hours  required  to  clear  the  aircraft  depend¬ 
ing  on  the  number  of  roles  or  range  of  flight  envelope  over  which  they  were  designed,  and  '.he  degree  of 
HAD  which  had  been  completed  before  the  go-ahead  W3S  given  for  the  operational  aircraft.  Khe>.  the  "actual" 
development  costs  were  adjusted  to  a  common  standard,  it  was  possible  to  relate  tbe  adjusted  costs  to  the 
characteristics  of  the  aircraft.  (Figure  l)  However,  it  would  be  very  fortunate  if  a  future  aircraft  pro¬ 
ject  aligned  itself  with  the  "norm"  so  the  data  of  Figure  1  can  only  be  used  as  a  "basis”  from  which  the 
new  entimate  can  be  made  and  so  this  method  has  shortcomings. 

To  a  lesser,  hut  still  important  degree,  tbe  same  considerations  applied  to  production  costs. 
(Figure  2 )  For  the  same  aircraft  characteristics,  weight  speed  or  Mach.  No.  there  nay  be  differences  in 
complexity  and  therefore  production  cost,  for  example,  a  small  highly  manoeuvrable  combat  aircraft  with  a 
complex  hav/attaek  system  compared  with  say  a  two-seat  trainer  with  a  minimal  equipment  fit. 

The  analysis  technique  which  was  developed  and  is  in  current  use  is  to  break  down  the  total  activ¬ 
ity  into  a  number  of  smaller  elements  selected  on  the  basis  that  they  were  clearly  identifiable  and  defin¬ 
able  and  that  data  in  terms  of  costs,  resources  and  timescales  could  be  readily  collected  and  linked  to 
characteristics  of  the  aircraft  which  are  available  from  the  very  early  stages  of  the  project’s  conception. 
Typical  percentage  breakdowns  for  airframe  and  engine  development  are  given  in  Figure  3,  and  for  produc¬ 
tion  in  Figure  4. 

3.2  Resum S  of  Current  Methods  for  Development  Cost  Estimation 

Time  does  not  allow  description  of  the  method  of  estimating  each  item  in  detail,  even  if  only  air¬ 
frame  development  is  considered,  so  it  is  proposed  to  illustrate  the  estimating  procedure  by  considering 
two  of  the  major  aspects  which  account  for  approximately  60%  of  the  development  coats,  ie.  the  design 
effort  involved  in  the  development  and  the  manufacture  of  the  development  aircraft. 

3.2.1  The  Development  Programme 

The  estimating  process  starts  by  defining  the  development  plan.  An  example  is  given  in  Figure  5« 
This  is  important  for  two  reasons,  it  decides  the  framework  against  which  the  estimates  of  tbe  sub-groupa 
are  made,  and  decides  the  timescale  over  which  the  costs  are  spread.  Development  is  a  succession  *>f  the 
"basic"  three  component  eyelet,  design,  make  and  test;  then  I  e-design,  modify  and  re-test,  etc.  The  -  o 
main  features  required  therefore  are  first  the  resources  to  design  and  make  tha  required  test  sire  .it, 
and  second,  adequate  overall  flight  test  capability  (aircraft,  flight  test  instrumentation,  technical  per¬ 
sonnel,  etc)  to  develop  and  prove  the  aircraft.  During  the  first  phase,  the  design,  make  and  test  cycle 
proceeds  in  parallel  with  the  main  aircraft  stream  in  certain  of  tbe  eub-groupe,  Figure  5»  f or  example, 
wind  tunnel  tests,  rig  tests  and  structural  tests.  The  overall  timescale  for  the  programme  c.  ”  be  initi¬ 
ally  derived  from  data  ruch  as  thosa  given  in  Figure  6.  This  suitably  adjusted  for  the  project  under 
review,  allows  an  initial  appreciation  to  be  made  as  to  whether  the  timescale  stated  in  the  Air  Staff 
Requirement  (ASH)  is  rsalistic,  assuming  the  "normal"  aircraft  development  process  is  used.  It  also  pro¬ 
vides  an  indication  of  a  realistic  period  for  the  flight  development  programme. 

Historical  data  have  been  collected  and  analysed  which  give  the  following  information :- 

1  Flying  rates  achieved  by  broad  aircraft  type*,  ie.  Bombers,  Fighters/Combst  aircraft, 
Transports.  Flying  rates  (his/ aircraft/ month )  both  fa?  the  development  flying  and  the 
official  flying  at  the  proving  establishment  (A  ft  AES). 

2  The  flying  hours  by  both  the  firm  and  the  proving  establishment  to  achieve  both  the 
initial  CA  Release  and  the  full  CA  Release. 

3  For  certain  of  the  aircraft  (end  the  list  is  growing)  tbe  number  of  hours  required  for  tbe 
major  tost  packages  by  discipline  eg.  handling,  performance,  engine/intake  behaviour, 
engine  handling,  nav/attack,  communications,  weapon  release,  autopilot  and  automatic 
flight  control  system. 
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4  The  number  of  aircraft  used  in  the  pregnane  and  whether  they  are  prototype,  development 
betoh  or  production. 

5  The  nte  at  which  the  test  aircraft  can  be  introduced  into  the  programs. 

Proa  the  above  data  it  is  possible  to  construct  a  realistic  flight  test  programs  and  this,  com¬ 
bined  with  using  other  data  available  on  for  example,  tunnel  testing,  allows  an  initial  overall  develop¬ 
ment  programme  adequate  for  budgetary  estimating  purposes  to  be  defined.  Obviously  as  the  project  becomes 
more  defined  and  the  project  is  assessed  in  much  greater  detail,  this  initial  progress*  may  be  changed, 
but  it  is  believed  that  providing  the  aircraft  requirement  is  not  altered  these  adjustments  have  a  rela¬ 
tively  small  effect  on  the  costs  and  can  be  allowed  fer  by  a  contingency  addition  in  the  budgetary  esti¬ 
mate.  At  the  present  time  the  aircraft  system  procurement  process  is  calling  for  major  changes  to  existing 
aircraft  in  order  to  lengthen  their  Service  life  by  updating  their  operational  capability.  Prom  the  budget¬ 
ary  estimators’  point  of  view,  this  is  a  more  difficult  task  than  estimating  for  a  brand  new  aircraft  but 
data  such  as  that  obtained  against  point  3  above,  ie.  flying  hours  required  for  different  disciplines, 
hopefully  allows  realistic  estimates  to  be  made. 

2.2  Kanufaoture  of  Test  Aircraft 

The  cost  of  manufacturing  the  development  airframes  is  the  item  which  dominates  the  airframe  develop¬ 
ment  programme*:.  (Figure  3)  This  cost  is  based  on  an  assessment  of  manhours  required  for  either  the  100th 
unit  or  the  average  over  the  first  100  units.  Production  manhour  historical  data  are  more  reliably  estab¬ 
lished  down  the  learning  curve,  Figure  7,  than  for  the  early  units  because  batch  manufacture  and  modifica¬ 
tion  effects  on  these  early  units  make  their  actual  manhours  deviate  more  from  the  average  line.  Throughout 
an  aircraft  production  programme  the  unit  labour  manhours  continuously  decrease,  in  some  cases  down  to  a 
basic  unit  value,  and  the  variation  of  unit  labour  manhours  as  the  aircraft  are  produced  defines  the  learn¬ 
ing  curve.  Initially,  such  data  were  simply  plotted  against  the  product  of  empty  weight  and  speed,  or  on 
a  carpet  showing  the  generation  effect.  (Figure  C)  There  is  evidence  that  for  a  given  type  of  aircraft, 
interceptor  fighter,  successive  developments  ov*r  the  years  call  for  an  increase  in  the  manhours  per  lb. 
Ibis  reflects  the  increase  in  aircraft  capability  and  complexity  which  has  taken  place  and  which  is  known 
as  the  generation  effect.  Becent  work,  using  regression  analysis  techniques,  has  aimed  at  providing  a  pre¬ 
diction  formula,  the  parameter*  of  which  give  the  least  dispersion  of  actual  data  from  prediction.  (Fig¬ 
ure  9)  These  two  examples,  Figures  6  and  9  are  good  demonstrations  of  the  main  techniques  appropriate  to 
the  budgetary  phase,  namely  the  "near  neighbour”  and  "parametric".  The  other  important  input  into  the 
estimating  process  is  the  exercise  of  technical  judgement,  and  this  is  required  to  adjust  the  results  of 
the  analyses  of  the  historical  data,  to  allow  for  the  characteristics  of  the  new  projects,  for  example, 
"technical"  complexity.  This  jeans  that  it  is  essential,  in  cy  view,  that  the  programme  assessment  is  made 
by  engineers/scientists  with  development  or  production  experience.  He  are  not  as  once  described  "Financial 
Wizards". 


The  manhours  for  the  first  aircraft  are  calculated  by  using  the  slope  of  the  ’earning  curve  to  obtain 
a  factor  (see  Figure  10)  by  which  to  ultiply  the  estimated  manufacturing  manhours  appropriate  to  the  100th 
unit  or  to  the  average  of  the  first  100  units.  The  manhours  for  the  subsequent  dei elopment  aircraft  are 
calculated  assuming  reduced  learning  by  5-10£  to  allow  for  the  installation  of  instrumentation  and  experi¬ 
mental  equipment.  The  manhours  can  be  converted  to  cost  by  multiplying  by  the  known  or  predicted  wage  and 
overhead  rates.  To  derive  the  aircraft  cost  the  ccst  of  raw  materials,  bought  out  equipment  and  the  equip¬ 
ment  developed  specifically  for  the  new  aircraft  must  be  added.  Obviously  these  methods  arc  equally  applic¬ 
able  at  the  budgetary  phase  for  production  aircraft  cost  estimation. 

Fairly  simple  "rules  of  thumb"  are  used  to  obtain  the  cost  of  such  things  as  airframe  spares  and 
modification  cost3  as  these  are  in  general  a  relatively  small  percentage  of  the  total  and  even  significant 
errors  in  their  estimation  only  have  a  second  order  effect  on  the  total  estimated  development  costs. 

3.2.3  Design  Costs 

The  next  major  item  in  the  airframe  development  cost  is  "design"  and  this  embraces  not  only  the 
draughtsmen  and  loftsmen,  but  all  the  other  technical  effort  involved  in  the  design  and  development  of  an 
aircraft,  streasaen,  aerodynamicists,  electronics  engineers,  structural  and  armament  specialists  etc.  For 
many  years  prior  to  the  formation  of  FTCAn,  TD  Flans,  the  group  on  which  PiCAn  was  formed,  had  gathered 
comprehensive  data  of  the  direct  and  indirect  design  effort  allocated  to  projects.  This  has  allowed  analyses 
of  the  total  effort  involved  and  also  the  "spread"  during  the  life  of  the  project  up  to  full  CA  Clearance, 
see  Figure  11.  The  analyses  of  these  design  manhours  have  allowed  prediction  formulae  to  be  derived,  an 
example  is  given  in  Figure  12  where  it  is  compared  with  an  earlier  attempt  using  simply  the  product  weight 
and  speed  as  the  parameter.  It  is  interesting  to  note,  as  would  be  expected,  the  reduction  in  scatter  from 
using  the  regression  analysis  technique.  These  design  manhours  are  turned  into  design  cost  by  multiplying 
by  the  known  or  predicted  design  wage  rates.  The  manhours  are  for  aircraft,  all  of  which,  when  the  design 
wa*  initiated,  required  advances  in  the  "technical  state  of  the  art",  eve.-  that  then  currently  known  and 
the  prediction  is  therefore  essentially  for  an  "average"  increase  in  the  "state  of  the  art".  The  estimator 
has  therefore  to  exercise  his  engineering  judgement,  after  discussion  with  his  "technical  expert"  colleagues, 
to  adjust  the  estimated  design  manhours  if  the  new  aircraft  is  considered  to  reflect  a  substantially  greater 
or  saaller  than  ’average’  step  forward  in  the  "state  of  the  art".  The  importance  of  obtaining  agoodassess- 
cent  of  the  technical  development  involved  cannot  be  overemphasised  and  calls  for  "teamwork"  between  the 
estiaatirg  groups,  the  project  and  weight  analysts  in  Headquarters  and  the  specialists  in  the  Procurement 
Executive  research  establishments. 

3.2.4  Summary  and  the  Future 


Our  method  for  breaking  down  the  overall  task  into  elements  and  the  availability  of  the  historical 
data  and  the  method  by  which  it  con  be  used  for  coat  assessment  have  been  given  in'  the  previous  sections, 
in  addition  to  the  historical  data  for  aircraft  manufacture,  flight  programmes  and  design,  data  are  avail¬ 
able  on  instrumentation,  wind  tunnel  tests,  structural  tests,  mock-ups  and  technical  publications.  In  the 
case  of  other  item*,  for  example  rig  tests,  ground  test  equipment,  in  which  significant  estimation  errors 
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would  affect  only  about  10£  of  the  total  cost,  further  data  are  still  needed  to  iaprove  the  estimation  of 
these  elements. 

The  result  of  the  analysis  described  above  provides  the  "expected”  or  "most  likely”  development  cost. 
Variations  of  technical  difficulty,  requirement  changes,  management  proficiency  and  firms'  capability  have 
caused  the  actual  data  to  be  spread  about  the  average*  This  enables  a  "statistical  uncertainty”  to  be 
derived  for  new  projects  which  are  in  the  same  category  as  those  in  the  data  sample.  This  "statistical 
uncertainty"  can  b*  expressed  as  a  cumulative  probability  as  suggested  diagrammatically  by  Curve  'A*  in 
Figure  13,  vhioh  shows  how  the  chance  of  success  increases  within  a  given  cost  as  that  cost  increases. 
Curve  *B*  demonstrates  the  risk  which  would  be  associated  with  a  new  project  outside  the  previous  range  of 
experienoe,  for  example,  the  first  supersonic  or  V/STOL  civil  transport.  This  is  shown  further  to  the  right 
because  of  the  higher  likely  cost  and  has  a  lower  slope,  even  in  percentage  terns,  because  of  the  inherently 
greater  uncertainties.  It  is  in  this  difficult  area  of  "risk"  or  "uncertainty"  analyses  that  further  work 
is  required  and  which  if  successful  will  provide  management  with  valuable  extra  guidance. 

3.3  Rydne  Development 

Similar  methods  and  techniques  to  those  described  for  the  airframe  are  used  for  predicting  engine 
development  costs.  The  data  and  methods  for  estimating  the  bench  engine  test  hours  are  still  being  devel¬ 
oped,  being  related  to  various  parameters  such  as  turbine  entry  temperature,  pressure  ratio,  by-jess  ratio 
and  thrust  to  weight  ratio.  Figure  14  illustrates  the  trend.  It  is  believed  that  the  derivation  of  theee 
relationships  has  made  a  marked  improvement  in  the  estimating  capability  because  they  provide  a  factual 
basis  to  which  the  effect  of  new  technology  can  be  added.  The  need  to  establish  e  realistic  estimate  of 
the  bench  hours  is  important  as  this  largely  determines  the  timescale  of  the  engine  development  programme, 
and  os  Figure  3  indicates  approximately  half  the  cost  is  incurred  during  bench  testing. 

3.4  "Proof  of  the  Ridding1* 

It  is  early  days  yet  to  obtain  a  true  measure  of  the  accuracy  of  the  methods  which  have  been  devel¬ 
oped  in  the  last  fo\jr  years  and  described  briefly  in  this  report,  but  it  is  encouraging  tc  note  that  the 
estimates  made  using  the  methods  of  the  mid-60s  which  formed  the  basis  from  which  the  current  methods  have 
been  derived  are  indicating  accuracies  within  10-15X,  but  it  must  be  appreciated  the  sample  is  still  smell. 

4  "COST  TEAD3-QFFS" 

4.1  General 

Initial  attempts  have  been  cede  recently  to  uce  the  budgetary  estimating  techniques  to  indicate  cost 
trade-offs  when  aircraft  with  varying  operational  capability  and  broad  specification  requirements  ere  com¬ 
pared.  There  are  in  the  author's  view  three  main  ingredients  required  to  make  cost  trade-offs,  see  Figure 

15. 

1  Comprehensive  analysis  of  the  operational  situation  by  the  "operators"  and  their  analysts 
to  provide  the  different  aircraft  or  aircraft  capability  which  should  be  considered. 

2  Detailed  project  analysis  to  formulate  these  operational  proposals  into  aircraft  which  can 
be  defined  in  terms  of  performance  and  design  standards  taking  into  account  the  technological 
"state  of  the  art”  whi-h  could  be  applicable  within  the  development  timescale;  ana 

3  The  cost  estimation  of  the  different  proposed  technical  and  operational  solutions. 

It  is  believed  that  on  many  occasions  this  whole  process  will  be  re-iterative  and  call  for  team¬ 
work  involving  close  and  constant  liaison  between  the  three  major  groups  involved.  I  must  emphasise  that 
the  important  part  of  the  process  lies  with  the  operational  and  project  groups  to  define  the  aircraft  para¬ 
meters,  standard  of  equipment,  roles  etc.  which  must  be  costed,  although  the  cost  estimating  group  from 
its  general  experience  of  development  will  have  an  input  into  this  process. 

4.2  Demonstrations  of  Cost  Trade-viffa 


Comprehensive  cost  trade-off  studies  should  be  based  on  Life  Cycle  Costs,  but  this  approach  as  far 
as  we  are  concerned  must  be  in  the  future,  therefore,  in  order  to  demonstrate  the  current  cost  trade-off 
capability  Figures  16  and  17  have  been  prepared  to  show  the  trends  in  total  development  and  unit  production 
costa  respectively.  The  development  costs  include  airframe,  engine  and  avionics  and  the  unit  production 
cost  is  for  the  complete  aircraft  averaged  over  the  intended  production  numbers. 

Because  the  aircraft  type  used  in  this  example  is  a  battlefield  support  aircraft,  the  trends  are 
shown  plotted  against,  what  is  believed  to  be  an  injortant  operational  parameter,  namely  take-off  distance. 
In  addition  to  the  effect  of  take-off  distance  the  variations  in  costs  shown  in  Figures  16  and  17  stem  from 
the  effect  ofs- 

1  Seducing  the  design  diving  speed 

2  Decreasing  the  avionics  systems  fit 

3  Decreasing  the  weapon  load 

4  Increasing  the  range 

5  Increasing  Specific  Bscess  Fower  (Sail ) 

6  Developing  the  aircraft  using  an  engine  which  requires  no  further  or  very  little 

development,  end 


7  Using  an  aircraft  with  STOL  capability  'n  the  CTOL  regia*. 

Th*  analysis  of  the  particular  aircraft  concept  taken  as  the  example  and  given  in  Figures  16  and 
17,  shows  the  expeoted  results  a*  follow* »- 

1  Reducing  take-off  distance,  increasing  range,  increasing  design  diving  speed,  increasing  SEP 
or  using  a  V/STOL  configuration  into  the  CTOL  regime  all  increase  the  development  and  produc¬ 
tion  costs. 

2  Using  an  engine  already  developed  or  needing  only  minor  development,  reducing  the  avionics 
standard  or  weapon  load  reduces  the  development  and  production  costs. 

In  order  to  demonstrate  the  results  of  the  analysis  for  the  example  aircraft  used,  total  procurement 
cost,  ie.  development  and  production  combined,  was  considered  and  for  the  assumptions  made  the  following 
very  approximate  total  procurement/trade-off  was  deduced s- 

1  For  take-  off  distance  between  4,500  and  1,000  ft  the  total  cost  increases  about  5 — 10J6  for 
every  5 00  ft  reduction,  with  an  extra  step  of  about  20$  at  the  threshold  of  STOL  at  about 
2,000-2,500  ft  where  it  is  necessary  to  fit  lift  or  vectored  thrust  engines. 

2  A  reduction  in  design  diving  speed  from  750  to  650  knots  decreases  the  total  cost  by  about  20Jt. 

3  A  reduction  of  SEP  by  one  third  decreases  the  total  cost  by  about  20$. 

4  For  CTOL  aircraft,  doubling  the  radius  of  action  increases  the  total  cost  by  about  10$,  sad 
the  increaue  for  this  is  likely  to  be  greater  for  V/STOL  aircraft. 

Obviously  the  trade-offs  ,-iven  above  apply  only  to  the  particular  aircraft  cases  considered  and  for 
the  total  programmes  assumptions  used.  Each  trade-off  analysis  will  provide  its  own  answer. 

5  CONCLUSIONS 

The  methods  for  the  budgetary  estimation  of  the  resources  (manpower,  facilities,  time  and  money) 
required  to  develop  and  produce  aircraft  in  the  UK  have  been  developing  since  the  mid-1960s.  It  is  still 
a  growing  field  and  the  scope  ie  such  that  in  this  paper  it  has  only  been  possible  to  show  briefly  the 
methods  currently  in  use,  using  fixed  wing  airframe  development  aa  the  example.  The  technique  ie  to  esti¬ 
mate  the  'resources'  needed  not  for  the  development  or  production  taken  as  a  whole,  but  by  summing  realistic 
major  individual  packages  into  which  the  task  can  be  divided.  Historical  data  have  been  and  are  still  being 
acquired  on  which  to  base  the  estimating  methods.  This  gathering  process  is  the  difficult  tine-consuming 
part  of  the  work. 

The  aim  <•:  the  budgetary  estimator  is  obviously  to  achieve  accurate  estimates  and  this,  where  there 
is  a  significant  degree  of  technical  innovation  in  the  development  process,  depends  to  a  large  extent  on 
thorough  and  *  ealistic  technical  eppraisals  of  the  difficulties  which  will  be  involved  in  turning  attractive 
new  ideas  into  Service  hardware.  This  means  that  there  is  required  in  the  estimation  process  an  important 
contribution  from  the  people  involved  in  the  preliminary  design  process. 

One  of  the  main  uses  in  the  future  to  which  budgetary  estimating  methods  can  be  put  is  project 
selection.  The  ability  to  make  cost  trade-offs  for  varying  technical  and  operational  requirements  should 
provide  the  Services  and  Procurement  system,  with  a  valuable  'indicator'  for  defining  future  aircraft  stan¬ 
dards  which  can  be  afforded.  In  order  to  fulfil  this  capability  the  estimation  of  cost  trade-offs  is 
heavily  dependent  on  first,  the  Services  defining,  as  a  result  of  their  operational  studies,  the  operational 
trade-offs,  and  second,  the  project  analysts (aerodynamic,  structural,  system,  avionic)  defining  technically 
the  aircraft  systems  etc.  which  should  be  costed. 
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Fig-1  Military  airframe  development  cost 
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Fig.2  Military  airframe  production  cost 


Airframe  development 
(To  Stage  1  C.A.  release) 


Engine  bench  development 

(To  type  approval) 


% 


Design  16 

Jig  and  tool  provision  1 0 

Wind  tunnel  tests  3 

Rig  Tests  3 

Structural  tests  3 

Structural  test  airframe  5 

Mock-ups  2 

Development  airframes  40 

Instrumentation  1 

Flight  trials  and  escort  aircraft  2 

Airframe  modifications  5 

Air' same  spares  5 

Ground  and  test  equipment  2i 

Airframe  parts  for  engines  etc.  1 

Technical  publications  ji 


Total  160 


Fig.3  Typical 


Airframe  production 

% 

Labour 

41 

Raw  material 

10 

Bought  out  parts 

21 

Weight  growth 

7 

Contingency/rounding 

5 

Productionising  drawings* 

3 

Production  tooling* 

13 

Total  100 

% 

Engineering  25 

Tool  manufacture  10 

Rig  supply  and  test  10 

Bench  engine  supply  20 

Fit  test  and  fuel  10 

Bench  engine  test  parts  25 


Total  100 

N.B.  In  addition  to  tho  abova  than  will ba 
the  costs  of  angina  supply  and 
support  for  tha  aircraft  flight  fast 
programme  and  tha  costs  of  further 
bench  development  beyond  type 
approval;  typically  for  theso  items. 
V*  x  bench  development  cost  needs 
to  be  added  to  arrive  at  total  engine 
development  cost. 


breakdowns 


Engine  production 


% 


Basic  cost  60 

Learner  16 

Modifications  growth  4 

Contingency  4 

Production  tooling*  16 


Total  100 


’The  cost  of  these  items  per  unit  produced  will  vary  inversely 
almost  directly  witti  the  numbers  produced. 


Fig.4  Typical  cost  breakdowns 
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Fig.5  Aircraft  development  plan 
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Fig.6  Development  timescale  military  aircraft 
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Fig.  10  Cost  of  first  unit  derived  from  cost  >f  average  of  100  units 


Fraction  of  first  peak  of  total  design  st 


Actual 
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Fig.  1 1  Design  manpower  -  typical  military  aircraft 
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Fig.12  Airframe  design  man-hours  (Hj) 


Engine  design  characteristics 


Operational  Assessment 


Aircraft  System  .Assessment 


1  Appraisal  of  Operational 
Situation. 

2  Proposals  for  Operational 
Solutions. 

3  Successive  drafts  of  Air 
Staff  Torgets/Operatianol 
Retirements. 


1  Appraisal  of  ranye  of 
technical  solutions  to  meet 
aperat'onal  requirements. 

2  Definition  of  major  para¬ 
meters  for  aircraft  and  the 
systems  to  be  used. 


Taka -off  distance  to  50ft  — 


Fig.  16  Aircraft  development  cost 
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